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Glossary
Adaptive capacity Species and system potential for
resistance and resilience to environmental change; where
resistance is the ability to resist a change in state and
resilience is the ability to recover from a change in state
following a perturbation.
Biological diversity (biodiversity) Complexity in biotic
composition, structure, and function considered at levels of
species (and their genetics), communities, ecosystems,
landscapes, and broader scales.
Microevolution Evolutionary change (change in gene
frequency over generations) within a species or its
populations.

Rapid climate change In the context of this chapter,
all features of local and regional surface climate
whose attributes may plausibly vary over decadal
through centennial scales at rates disruptive to the
ecology of species and their physical and biotic
environments.
Vulnerability System or species sensitivity to an
environmental change relative to level of exposure to that
threat.
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4.15.1 Introduction

Over recent decades, conservation biologists and land stewards
have become increasingly aware of the need to incorporate rapid
changes in climate as a threat to biological diversity (‘biodiver-
sity’) in planning and management (Comer et al. 2012; Game
et al. 2010; Glick et al. 2011; Hannah et al. 2002a; Hansen et al.
2003; Joyce et al. 2009; Mawdsley et al. 2009; National Park
Service 2010). This need has intensified as we better understand
the multidimensional vulnerability of the biosphere to this and
other threats (Rosenzweig et al. 2007; Walther et al. 2002) and
the societal consequences of biodiversity loss to ecosystem
services (Chapin et al. 2000; Fischlin et al. 2007). Simulta-
neously, we better appreciate the large uncertainties in fore-
seeing future states of species and their landscapes and
corresponding difficulties in incorporating vulnerability to
changing climatic conditions in natural resource management
plans (Kittel et al. 2011c; Lawler et al. 2010).

The chapter starts by presenting generalized outlooks for and
uncertainties in climatic and biotic futures to provide context
for discussions in subsequent sections (see Section 4.15.2). The
core of the chapter is a review of key aspects of the vulnerability
of biodiversity to climate change, considered from species – and
their genetics – through community and ecosystem dynamics
(see Section 4.15.3). My thesis is that this vulnerability is highly
complex – running through all levels of biodiversity – and arises
from ecological and evolutionary processes that are strongly
interactive, span a wide range of temporal and spatial scales,
and are context dependent. Inherent limitations in predicting
outcomes of such complex dynamics, coupled with uncer-
tainties in future forcings, make it difficult at best to anticipate
specific consequences of this vulnerability. The chapter
concludes by presenting strategies for handling such uncertainty
in conservation planning (see Section 4.15.4).

4.15.2 Outlooks for Future Environments

4.15.2.1 Future Climate: Outlooks and Uncertainty

The vulnerability of species or ecosystems can be considered in
terms of resistance (to changing state) and resilience (ability to
recover) to changing climatic conditions and so are relative to
the magnitude of the threat. In this regard, I refer to ‘rapid
climate change’ as meaning all features of local and regional
surface climate whose attributes may plausibly vary over
decadal through centennial scales at rates disruptive to the
ecology of species and their physical and biotic environments.
An assessment of the vulnerability of current biodiversity to
such variation will only be useful to the extent we can specify
what the spectrum of plausible future climates might be. For
this, we can look to three approaches: historical shifts, model
sensitivity, and novel possibilities. The bottom line is that these
approaches provide key insights and yet have high uncertainty
associated with their spatial and temporal outlooks.

4.15.2.1.1 Historical Understanding
Forward-looking biotic assessments can draw from analyses
of historic periods with rapid climate shifts, such as multi-
decadal climatic (and linked ecological) regime changes
(e.g., the Pacific Decadal Oscillation; Mantua et al. 1997;

Pederson et al. 2006). Such an analog approach asks what
would be the status of biodiversity if regional climates were to
undergo shifts today similar to those observed over past
periods, and looks from this point forward, placing these
changes in the context of additional threats such as invasive
species, exploitation, and habitat degradation.

The primary advantage of the historical approach is that it
provides an observation-based assessment of biotic sensitivity to
a known forcing. A key limitation is that the past is an imperfect
analog of the future – that is, future changes will likely differ in
magnitudeandcharacter fromthose inhistorical orpaleo records.

4.15.2.1.2 Guarded Lessons from Modeling
We can glean overarching lessons from climate model sensi-
tivity studies, such as under scenarios of increasing greenhouse
gases, sulfate aerosols, and land cover change (e.g., Avila et al.
2012; Feddema et al. 2005; Meehl et al. 2007). Caution is
needed, however, in extracting these lessons because of high
uncertainty associated with model projections. By ‘high,’ I
mean where the uncertainty is as great as or greater than system
sensitivity. This uncertainty is derived from:

l Climate system complexity limiting our ability to model
climate (Knutti 2008; Rial et al. 2004).

l Uncertainty in future human forcings on climate such as
those determined for various future demographic,
economic, and political scenarios (as illustrated by the
breadth of possible societal futures in Forster et al. (2007)).

l Limited inclusion of the full complement of human forc-
ings in most climate model experiments (which usually
emphasize greenhouse-gas and aerosol forcing) (National
Research Council 2005; Pielke 2005, 2008).

Climate model experiments, nonetheless, convey a funda-
mental lesson: climate system sensitivity to a host of current
and potential future anthropogenic forcings is of a magnitude
and rate to raise the prospect for substantial ecological impacts
with consequences for the conservation of biodiversity. While
we cannot with any certainty anticipate geographic details
regarding the sign or size of these effects, the very character of
regional climates may likely be altered over the next decades in
some generalizable but crucial ways. These entail:

l Multivariate change – including in, but not restricted to,
surface temperature and precipitation. Cloud cover (and
light regime), wind regime, and other parameters would
be expected to change concurrent with temperature and
precipitation; however, regional correlations among these
variables might not hold as climate patterns shift.
Minimum and maximum temperatures would also likely
show different responses, as they are partly controlled by
different night and daytime processes.

l Changes over a spectrum of ecological timescales – that is,
changes not only in annual means but also in extremes, sea-
sonality, and interannual variability, such as those associated
withElNiño-SouthernOscillation (ENSO;Meehl et al. 2007).

l Changes shifting over time – for example, trends are not
likely to be monotonic if circulation patterns shift in and
out of a region or if the climate system passes thresholds or
potentially irreversible ‘tipping points’ (Overpeck and
Webb 2000; Schellnhuber 2009).
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These plausible changes are of a magnitude and nature to
jeopardize the persistence of species, structure of biological
communities and food webs, and functioning of ecosystems
(Fischlin et al. 2007; Kundzewicz et al. 2007).

4.15.2.1.3 Novel Climates
Changes in so many aspects of climate suggest the possible
formation of novel climates, that is, climates with combina-
tions of conditions with no current analog (Williams and
Jackson 2007). The prospect that current environmental niches
would disappear and new reconfigured ones arise places
a caveat on our reliance on previously observed relationships of
climatic controls over species and ecosystem dynamics. This
outlook challenges us to contemplate future states beyond
those experienced or expected, including less probable but still
plausible futures (Peterson et al. 2003; Turner et al. 2003).

4.15.2.2 Climatic Vulnerability of the Physical Environment

In addition to direct effects of climate on organisms, changes in
climatic conditions could modify physical components of
aquatic and terrestrial environments, with indirect consequences
for species and ecosystems (Figure 1, upper left panel). Changing
regional and local climates could alter landforms, drainage

patterns, soil development, physical and chemical attributes of
aquatic systems, and physical disturbance regimes – rearranging
or opening up new habitats. Key geophysical processes include:

l Modified surface-water and groundwater hydrology. In
winter-snow environments, for example, reduced snowpack
and earlier spring snowmelt from warming can result in
seasonal shifts in riverine hydrographs (Stewart et al. 2005),
affecting biologically important river, wetland, and lake
conditions (e.g., water level, temperature, nutrient and
sediment load, and dissolved oxygen) (Poiani and Johnson
1991; Strayer and Dudgeon 2010).

l Shifting atmospheric circulation patterns – altering ocean and
lake circulation, sea ice flows, and aeolian transport (of
nutrients, propagules, etc). Ocean and lake circulation
changes can in turn modify the horizontal distribution of
plankton (including larvae) and, coupled with altered surface
heatfluxes (e.g., fromwarmerair temperatures), affect thermal
stratification and verticalmixing of nutrients. Such horizontal
and vertical structural shifts have the potential to alter marine
and lacustrine food webs (Brander 2007; Harley et al. 2006).

l Altered geomorphology – from climate-forced catastrophic
and cumulative processes. The former include slope insta-
bility and flooding arising, for example, from increases in

Figure 1 Determinants and consequences of species vulnerability. The figure is broadly organized into domains of stressors (climate and other
anthropogenic environmental changes, top left panel), species-level vulnerability factors (which limit or support a species’ adaptive capacity, middle
panels), and outcomes. Factors that set a species’ vulnerability are its current adaptive capacity (middle left panel) and microevolutionary shifts in
this capacity (middle right panel). Outcomes of these vulnerabilities include species persistence and range changes (bottom panel), altered landscape
and regional ecological heterogeneity (top right panel), and changes to genetic diversity, community structure, and the complexity of ecosystem inter-
actions – all of which are elements of biodiversity (double-bordered boxes). Selected factors (bulleted items) give examples for factor categories, and
factor linkages and feedbacks (narrow-lined arrows) illustrate interactions; not all possible factors and linkages are shown. With respect to local and
regional/landscape community structure, symbols a, b, and g refer to Whittaker’s (1960) levels of species diversity, where a ¼ site (sample) species
diversity, g ¼ regional total diversity, and b ¼ among-sample heterogeneity in species diversity across the region.
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storm frequency and intensity or from rapid deglaciation
due to warming – with effects on upland and channel or
shore geomorphology (Evans and Clague 1994; National
Research Council 2010). Cumulative processes include
water and aeolian erosion and deposition, whose changes
result in shifting landscape patterns of aggrading and
degrading soils and sediments – altering drainage networks,
soil structure (creating Entisols and buried horizons, for
example), and water quality (e.g., from high sediment
loads) (National Research Council 2010; Soil and Water
Conservation Society 2003).

l A shift in ice-dominated environments to a net thaw regime.
Periglacial landscapes are an example of geomorphological
surfaces that are highly sensitive to climate. As complexes of
thermokarst terrain with permafrost soils and thaw lakes,
these landforms exhibit both stabilizing and destabilizing
interactions under increasing temperatures. Their fate
depends on positive and negative feedbacks among (1)
temperature change, (2) changing snowpack and vegetation
(and their interaction), affecting their insulation of the soil
surface, (3) soil erodibility, and (4) drainage (Kittel et al.
2011b; van Cleve et al. 1991). With respect to drainage, for
example, slope inclination largely determines whether
permafrost degradation under warming results in an
expansion of wetlands and thaw lakes (from ground
subsidence on low slopes) or in wetland loss and drying
soils (from drainage on steeper slopes no longer impeded
by impermeable permafrost) (Rouse et al. 1997). In glacial
environments, increasedmelting of glacial ice with warming
alters downstream chemistry, such as through enhanced
weathering rates due to increased meltwater contact with
subglacial rock and, with receding glacial cover, altered
microbial (biogeochemical) processes in newly exposed
sediments (Baron et al. 2009).

l Other climate-dependent physical disturbance mechanisms –
such as changes in frequency and intensityof forestwindthrow
and ‘fire-climate’ conditions leading towildlandfires, affecting
ecological disturbance regimes (O’Donnell et al. 2011;
Schlyter et al. 2006).

Such physical perturbations may force wholesale changes to
biotic communities and their landscapepatterns (Figure1, upper
panels), facilitating rapid shifts in communities that might
otherwise persist under changing local and regional climates.

4.15.2.3 Future Outlooks: Biotic Consequences

We can take key lessons about biodiversity's vulnerability to
plausible future climate changes from field, laboratory, remote
sensing, and modeling studies (Botkin et al. 2007; Chapin et al.
2000; Rosenzweig et al. 2007; Walther 2010). As with climate
outlooks, we cannot foresee the details – timing, distribution, or
nature – of future ecological outcomes with any certainty. This
uncertainty similarly arises from(1) ecological systemcomplexity
limiting predictability, (2) uncertainty in future climatic forcing
and feedbacks, and (3) limited accounting for synergisms with
other environmental stressors in climate impact assessments.

Nonetheless, in the context of generalizations about near-
future regional climates previously presented (see Section
4.15.2.1.2 and Section 4.15.2.1.3), we can derive similar
generalizations from observations and models about how

biodiversity might be altered over the next decades. In broad
but significant ways, these include the following:

l Shifting geographic ranges of marine, continental-water,
and terrestrial species (Harley et al. 2006).

l Altered species phenologies (Root et al. 2005; Wolkovich
et al. 2012).

l Species interactions spatially and temporally out of
phase – altering food webs, competitive interactions,
and mutual associations (e.g., pollination) (Both et al.
2009; Jha et al. 2013).

l Changing community structure – potentially giving rise to
novel ecosystem types (Overpeck et al. 1992; Seastedt et al.
2008; Urban et al. 2012).

l Changes in ecosystem function – altering biophysical and
biogeochemical processes, including primary production
(Nemani 2003).

l Disruption of ecosystem services – affecting societal use of
resources as water, food, etc. (Cardinale et al. 2012; Chan
et al. 2011; Fischlin et al. 2007).

Temporal behavior of these ecological responses will
generally follow not only from climatic (and other) forcing, but
also from internal stabilizing or nonequilibrium dynamics. The
result being:

l A new equilibrium, inasmuch as such has existed histori-
cally, would be long in coming, pending first climatic and
then ecological stabilization (e.g., at centennial scales) –

resulting in extended periods dominated by seral stages.
l Following from shifting climate regimes, ecological changes

would not be monotonic – with no single specific outcome
developing and persisting over the long term (e.g., no
‘winner’ or ‘loser’ species).

l Internal dynamics would exhibit system lags, regime shifts,
and tipping points (Allen and Holling 2010; Biggs et al.
2009; Jones et al. 2009; Metzger et al. 2009).

These potential outcomes arise from the fundamental nature of
biodiversity and its climatic vulnerability. Processes and factors
controlling this vulnerability are explored next.

4.15.3 Nature of Biotic Vulnerability

4.15.3.1 Vulnerability across the Biodiversity Hierarchy

Biodiversity broadly includes complexity across levels of biotic
organization from genetics and populations to communities,
landscapes, and ecoregions (and so on). Within these levels,
biodiversity also includes complexity with respect to compo-
sition (elements present), structure (arrangement of elements),
and function (interactions among elements) (Noss 1990). The
structure and function of genetic through ecoregional diversity
contribute to the maintenance of species diversity and are
themselves established as important conservation goals
(Groves et al. 2002). Biodiversity is vulnerable to climate across
this hierarchy in complex and highly interactive ways (Fischlin
et al. 2007; Walther et al. 2002). This section starts with
a species-level approach to climate vulnerability, focusing on
a species’ adaptive capacity and its links to genetic diversity,
and then discusses community and ecosystem vulnerability,
landscape connectivity, and synergisms with other threats.
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4.15.3.2 Species Adaptive Capacity

4.15.3.2.1 Species Ecology
Physiological Range

A species’ adaptive capacity – that is, the potential for resistance
and resilience to environmental change – arises from flexibility
in its ecological relationships (Figure 1, middle left panel). On
first consideration, such flexibility with respect to climate is
tied to the breadth and shape of physiological response curves –
such as with respect to interacting thermal, moisture, light,
chemical (nutrients, salinity), and other climate-linked envi-
ronmental conditions. Broad physiological optima will support
species resistance; while species with narrow physiological limits
are subject to catastrophic responses (e.g., tropical organisms
with little freeze tolerance). (The genetics of broad versus narrow
climatic optima is discussed later on.) In addition, physiological
tolerances change with life stage in many species (Harley et al.
2006), so that vulnerability may be linked to a critical time or
may shift among factors during an organism’s lifespan.

Species Interactions

The link between a species’ adaptive capacity and physiology
may, however, be muddled by interactions with associated
species, including competitors, predators, prey, mutualists, and
pathogens (Figure 1). Consequently, species vulnerability may
be just as much indirectly determined via climate responses of
associates (and so by altered community compositional and
structural diversity) as by direct forcing of a changing climate.
The impact of community restructuring (discussed later) on
a species’ vulnerability propagates in through trophic and other
ecological networks – that is, from beyond the species’ most
immediate connections. Altered interspecific interactions can
ameliorate a species’ vulnerability, such as through competitive
release, or exacerbate it as from reduced resource availability.
Species with high adaptive capacity:

l Can readily shift resource utilization under shifting
competitive and trophic environments.

l Are not highly dependent on mutualistic relationships (or
at least not with species lacking matched adaptive capacity)
(Hughes et al. 2003; Jha et al. 2012).

l Have resistance (expressed or latent) to emergent diseases.

Population Viability

Population dynamics also determine species vulnerability
(Figure 1). Direct climatic impacts on reproduction and
mortality rates alter population viability across a range of
timescales (e.g., from hourly events to decadal variability). Such
controls over population size are manifested as both density-
independent climate effects (as from catastrophic events) and
density-dependent effects (where the climate impact depends
on, for example, the magnitude of intraspecific competition for
food, shelter, andmates). At weekly scales, for example, changes
in frequency and timing of severe winter storms can have both
density-independent and dependent effects on large mammal
survivorship (Berger 1983; Hallett et al. 2004).

Both animals and plants exhibit climate-induced shifts in
reproductive traits affecting population dynamics, such as
fecundity, generation time, breeding/flowering season, and
other phenological traits (Inouye 2008; Isaac 2009; Post et al.
2001). How traits respond to climate and the consequences for

population viability depend on a species’ overall life-history
strategy – such as for r- versus K-selected species, generalists
versus specialists, and for different mating systems; in these
contrasts, similar climatic behavior can generate opposite
outcomes (Isaac 2009).

Population viability is also tied to species interactions, as those
discussed above. At seasonal scales, reproduction and survivor-
ship are altered by loss of phenological synchrony between:

l A species' climate-cued life-history events and climate-cued
trophic resource availability, as seen in migratory and
winter-dormant vertebrates (Both et al. 2009; Forchhammer
and Post 2004; Harrington et al. 1999; Inouye et al. 2000).

l The climate-cued life-history events of mutualists, as for
plants and their pollinators (Jha et al. 2012).

At interannual and longer scales, climate affects predator-
prey population cycles – such as that involving Canadian lynx
and snowshoe hare (Stenseth 2007) – and climate-regulated
host-disease dynamics, as in insect herbivore-parasitoid systems
(Hance et al. 2007; Stireman et al. 2005) and plant host–path-
ogen interactions (Brasier and Scott 1994; Woods et al. 2005).

The constraints imposed on adaptive capacity by intra- and
interspecific interactions tend to narrow a species’ range relative to
itspotential climatic limits basedonphysiologyalone. If changing
population and community dynamics shift these constraints,
a speciesmay reveal latent capacity tofill niches that are consistent
with its physiological limits but fromwhere it has been excluded.

4.15.3.2.2 Dispersal Capacity and Range Shifts
Vulnerability also depends on a species’ ability to disperse away
from sites becoming less favorable to improving ones – that is,
to successfully track suitable conditions as they shift across
a landscape or region (Figure 1, middle left panel). While the
potential for species range shifts is often evaluated with
empirical ‘climate envelop’ or environmental niche models,
dispersal success is tied to dispersal life-history strategies and
interspecific interactions generally not incorporated in these
models (Davis et al. 1998; Wiens et al. 2009; however, see
Anderson et al. 2002 and Keith et al. 2008).

Even within taxonomic groups, species substantially differ
in dispersal attributes, setting their potential for keeping up
with elevational or lateral shifts in climates (Chen et al. 2011;
Urban et al. 2012). Species factors include the following:

l Capacity for diffusive or jump dispersal, whether by
self-locomotion or facilitation by wind, water, or other
species.

l Establishment life-history strategies (e.g., reproductive rates,
competitive abilities, and adult survivorship associated with
early versus late successional species).

Successful dispersal is also a function of environmental
conditions along the way. Source-to-sink abiotic and biotic site
factors include the following:

l A species' current distribution and population size (source
strength) including persistent relict populations existing
outside of its generalized climatic range (Botkin et al. 2007).

l Landscapes en route presenting physiographic or biotic
barriers and corridors (including limitations or opportuni-
ties offered by human-modified domains).
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l Suitability of potential sink habitats in terms of their
abiotic, trophic (food resources, predator), and competitive
setting (Urban et al. 2012).

Species whose in situ adaptive capacity is low – and thus
vulnerable to local extirpation – and additionally are poor
dispersers and isolated from emerging favorable sites by
physiography or human land use are additionally vulnerable to
extinction (Figure 1, bottom left panel). While these processes
look at the leading edge of range shifts, demographic factors
and reproductive traits (e.g., longevity, cloning) and distur-
bance tolerance are species-specific controls over lags (species
persistence) at the trailing edge (Elliott-Fisk 1983; Hampe and
Petit 2005).

Species differences in adaptive capacity in general and
dispersal ability in particular would lead to differential rates of
range movement under a shifting climate (and disturbance)
regime. A resulting mixture of colonizing, lagging, and
declining species will contribute to community structural
disruption, the predominance of seral (successional) associa-
tions, and, potentially, to the rise of novel communities
(Figure 1) (Urban et al. 2012; Williams and Jackson 2007). The
nature and rate of community change will depend on:

l Relative ‘openness’ of the current community – versus one
presenting a highly competitive environment.

l Climate vulnerability – and hence degree of persistence – of
dominant and keystone species that maintain existing
community structure.

l State-changing disturbance (fire, insect outbreaks).
l Dispersal and establishment abilities of arriving species.

Under slow rates of climatic change, communities may
maintain their composition but alter their relative structure, at
least in the shorter term (Breshears et al. 2008; Kelly andGoulden
2008). However, under high disturbance with rapid changes in
local climate, communities may collapse, presenting open envi-
ronments to arriving species. Community structural vulnerability
is discussed further in Section 4.15.3.3.1.

4.15.3.2.3 Phenotypic Plasticity
Phenotypic plasticity can shift adaptive capacity under a rapidly
changing climate without relying on genetic variation (Reed
et al. 2011; Rice and Emery 2003). Requirements for adaptive
phenotypic plasticity are that:

l environmental cues are sufficiently reliable to trigger plastic
responses,

l plastic responses sufficiently track the pace and breadth of
environmental changes,

l fitness benefits exceed costs of maintaining plastic potential
(Reed et al. 2011).

The degree of plasticity varies widely among taxa. For some
species, adaptive plasticity is not sufficient to optimize fitness
throughout a species’ current climatic range (e.g., as seen for
a temperate-grassland annual forb in a reciprocal transplant
study, Etterson 2004b), potentially leading to reduced local
population viability under a shifting climate. For others, it may
be as great as to accommodate wide climatic shifts. For example,
over the Pleistocene glacial–interglacial cycle, a kangaroo rat
species largely maintained its current distribution by shifting its

realized niche likely through phenotypic plasticity, rather than
with genetic change (Jezkova et al. 2011).

4.15.3.2.4 Geographic Gradients in Adaptive Capacity
Genetic Differentiation Across a Species’ Range

As the underlying basis for adaptive capacity, genetic make-up
sets the vulnerability of a species to a changing environment.
However, abiotic and biotic constraints on populations tend to
affect a species’ adaptive capacity differently at range extremes
and at extremes versus in its core, applying different selective
pressures and driving geographic genetic differentiation (Bentz
et al. 2001; Case and Taper 2000; Davis et al. 2005; Hampe
and Petit 2005; Howe et al. 2003). Consequently, physiology,
life history, and other (genetic-based) elements of adaptive
capacity may differ substantially for populations at the core of
a species' distribution versus those at its limits. Such pop-
ulations may then have different responses to similar climatic
change. A species’ vulnerability then varies geographically not
only with varying availability of suitable habitats, but also with
location-specific genetically determined capacity to adjust to
new local niches (e.g., Etterson 2004a; Rehfeldt et al. 1999).

A consequence of this geography is that populations in the
core of a species’ range may be maladapted to its marginal
climates. Such a ‘core population’ may not be viable under
a climate shift that brings it near to, but still within, the limits
of the species’ current climate range. Under these conditions,
empirical niche (climate envelop) models would overestimate
a species’ persistence.

Role of the Past

Biogeographic history (how species got to where they are
now) and evolutionary history (how they changed along the
way and once there) are determinants of current genetic
geography. Regional climatic history plays a role in such
geographic differentiation. For example, it can act to reduce
local genetic diversity under diametric conditions of:

l steady climate regimes, through stabilizing selection (Rice
and Emery 2003),

l rapid climate change or severe events (such as sustained
drought), creating genetic bottlenecks.

In both of these cases, past conditions potentially reduce
current adaptive capacity and increase local vulnerability to
future climate shifts. Effects of climatic variability on genetics
are discussed further in the next section.

4.15.3.2.5 Shifting Adaptive Capacity in Time: Microevolution
Direct abiotic and indirect biotic forcing associated with
a changing climate apply corresponding selective pressures; the
question is whether these pressures can sufficiently shift pop-
ulation genetics at ecological timescales to reduce species vulner-
ability. Microevolution, that is, evolutionary change within
a species or its populations, has allowed some taxa to adapt to
recent human-forced environmental change, including altered
climatic conditions (reviewed in Rice and Emery 2003). This is to
say that genetic shifts in populations that maintain their viability
can occur at rates matching rapid environmental change. Conse-
quently, evolutionary rates may be large enough for some species
to adapt to rapidly changing local climates, reducing the proba-
bility of their extinction (Reed et al. 2011; Rice and Emery 2003).
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Climatic Selective Pressures

Climate-linked selective pressure produces three generalized
outcomes as a function of climatic temporal behavior (Reed
et al. 2011; Rice and Emery 2003):

l Climatic consistency gives rise to stabilizing selection
reducing generic diversity, in turn reducing adaptive
capacity, as previously mentioned.

l Directional change in climatic conditions supports net
directional selection, shifting adaptive capacity. However,
rapid climate shifts exert strong selective pressure, which
may exceed microevolutionary potential (discussed
shortly). A consequence of strong selection is high levels of
mortality. This may make even currently robust populations
vulnerable by diminishing their size and condition to levels
where they become subject to stochastic fluctuations in
numbers and genetics (genetic drift) (Reed et al. 2011). This
threat to population viability may occur even as directional
selection is moving phenotypes to a new environmental
optimum in the remaining population.

l If climatic variability increases in a way that gives inconsis-
tent direction to selection pressures, it can disrupt both
stabilizing and directional selection. This would lead to poor
climatic optimization and reduced adaptive capacity. Alter-
natively, increased variability can promote selection for
phenotypic plasticity, but only if the altered climate regime
has a predictable element that be relied on as an environ-
mental cue – a required condition for plasticity noted earlier.
Without this predictability, however, plasticity would be less
reliable and so less favored under increased climate vari-
ability (Reed et al. 2011).

Strong environmental perturbation can, in addition, trigger
release of cryptic genetic variation – variation present but
otherwise not phenotypically expressed (Gibson and Dworkin
2004; McGuigan and Sgrò 2009). Such a release produces
novel, potentially adaptive phenotypes (Hayden et al. 2011).
Suggested trigger mechanisms are through environmental
disruption or genetic mutation (which itself can be induced by
environmental stress, Reed et al. 2011).

Factors Controlling Microevolution

Microevolution is limited by (1) genetics, (2), reproductive
biology and demographics, and (3) coevolutionary processes
(Rice and Emery 2003). Genetic factors that constrain or
facilitate microevolution include the following:

l Local genetic diversity, providing either a genetic source for
adaptive shifts or a drag from genetic load (suboptimal
genes reducing fitness).

l Metapopulation gene flow, which can provide a population
with either (1) genotypes well adapted to new conditions or
(2) maladapted genesmore suited to the source location and
so adding genetic load (i.e., antagonistic gene flow).

l Phenotypic plasticity, discussed earlier, which can buffer the
negative effects of strong selective pressure and allow time
for genotypes to track environmental shifts.

l Positive or negative genetic correlation among adaptive traits
(which each support an optimal phenotypic response to an
environmental change) can accelerate or hinder selection
relative to traits that act independently. Traits that act in

concert (through synergistic genetic interaction) promote
adaptive change. On the other hand, with negatively corre-
lated traits, promotion of one trait reduces selection for the
other. Such antagonistic genetic interaction makes direc-
tional selection ineffective in optimizing a phenotype to
a consistently changing environment (Etterson and Shaw
2001). Genetic interactions are further complicated when
traits that are positively correlated under selection favoring
some phenotypes are negatively correlated in selection
favoring others (Snitkin and Segrè 2011).

On this last topic, positive genetic correlations may not be
stable under multivariate environmental change, where selective
pressure is for phenotypes to trackmultiple shiftingoptima (Reed
et al. 2011). Additionally, under the development of shifting or
novel climates, a breakdown of currently reliable correlations
among environmental variables (such as between temperature
and day-length seasonality) may disrupt current positive genetic
correlations (such as among traits setting cold-season acclimation
in temperate and boreal plants; Howe et al. 2003).

Microevolutionary factors related to reproductive biology
and demography include the following:

l Environmentally cued shifts in sexual versus asexual
reproduction in plant, animal, and microbial taxa (Chen
and McDonald 1996; Elliott-Fisk 1983; Hughes et al. 2003).

l Generation time, fecundity, and population size – where
short generations, many offspring per generation, and large
populations contribute to higher population growth
potential, facilitating adaptive evolutionary shifts (Hughes
et al. 2003; Reed et al. 2011).

l Reproductive longevity of adults and viability of dormant
propagule reservoirs (e.g., seed banks), which can provide
either genotypes that have come around again to be well
adapted or ones that increase genetic load (Hughes et al.
2003; Rice and Emery 2003).

Coevolutionary selective pressures arise from shifting
trophic, mutualistic, or epidemiologic interactions. These
pressures may be particularly crucial when one species’
microevolutionary response is tightly constrained by the
adaptive capacity of and concurrent (but not necessarily
matching) evolutionary changes in coevolved associates (Holt
1990; Rice and Emery 2003).

4.15.3.3 Vulnerability of Community Structure
and Ecosystem Function

4.15.3.3.1 Structure
Response of communities to a changing environment is deter-
mined not only by species’ individual responses to external
forcing, but also by internal dynamics. Community structural
changes (composition, richness, evenness) arise from the rela-
tive strengths of forcing and species interactions. Three paths are
determined by the dominance of (1) physically disruptive
climate forcing, (2) weak biotic interactions, or (3) strong,
system-defining biotic interactions (Figure 1, upper left panel).

In the first case, climate drives catastrophic or cumulative
changes to the physical environment sufficient to disrupt the
integrity of a community (as previously discussed). Primary or
secondary successionwill give rise to potentially novel sequences
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of communities under new, shifting abiotic (climate, disturbance
regime) and biotic (e.g., arriving species) conditions.

Under a climate that is not so disruptive to the physical
habitat, community responses to climate depend on the strength
of interactions among species (Chapin et al. 2000). In commu-
nities where species belong to fairly generic functional groups
and interactions are weak (that is, flexible among roughly
substitutable species), community structure is affected by an
overall shifting presence and abundance of species as they
respond to climate and to trophic, mutualistic, and competitive
interactions. In this case, communities adjust primarily ‘bottom
up’ – progressing up trophic networks in response to, for
example, changes in primary producer or microbial decomposer
populations, the principal facilitators of system energy or
nutrientflows (Chapinet al. 2000;Harrington et al. 1999; Inouye
2008; Mantua et al. 1997; McGowan 1998; Walther 2010).

In communities with strong interactions, on the other hand,
structural changes may be determined by the presence and
abundance of single species – such as for keystone taxa, whose
presence or loss cascades ‘top down’ through trophic levels
(Chapin et al. 2000; Power et al. 1996; Walther 2010). In
general, such species-sensitive restructuring occurs where:

l Mutualistic, trophic, or competitive interactions are tight –
e.g., for animal pollinator–plant interactions, top predators,
and grazer-determined plant succession (Collins and Cal-
abrese 2012; Jha et al. 2012).

l A species’ traits strongly control system dynamics – such as for
species that tightly regulate system resources, disturbance
regime, or microclimate (e.g., nitrogen-fixer, low water-use
efficiency,fire-prone, andpermafrost-stabilizingplant species)
(Chapin et al. 2000; D’Antonio and Vitousek 1992; van Cleve
et al. 1991; van Wilgen et al. 1996; Wilson and Agnew 1992).

Within a food web, strong bottom-up and top-down effects
may both play a role – with top-down restructuring influencing
lower trophic levels and bottom-up simultaneously affecting
top levels (e.g., Shurin et al. 2012), potentially in a way that can
synergistically contribute to ecosystem stability (de Ruiter et al.
1995).

Emergent versus Species Responses

A straightforward community-level phenological response to
shifts in seasonal climate may say little about individual species
responses and the consequences for tight species interactions.
For example, a lengthening of the growing season for mid- and
high latitude terrestrial plant communities could be expected to
increase food resources for herbivores. However, this commu-
nity response is likely emergent from a variety of individual plant
species responses – some advancing their phenologies, some
with cycles sped up or lengthened, and others with little change
(Steltzer and Post 2009). For herbivores, a consequence can be
disrupted timing of plant species that provide crucial dietary
needs during specific periods of the summer (e.g., in preparation
for hibernation) (Hill and Florant 1999; Steltzer and Post 2009).

4.15.3.3.2 Ecosystem Function

Climate and Plant Functional Types

Terrestrial biogeochemical processes are largely controlled by
moisture and thermal regimes in interaction with soil

properties (e.g., water and nutrient holding capacity), vegeta-
tion, and geomorphology (e.g., hillslope position) (Band et al.
1993; Daly et al. 2000; Parton et al. 1995). The role of plant
community structure and species composition can be general-
ized by plant functional types that categorize species’ contri-
butions to ecosystem physiology and architecture (Smith et al.
1997). Such functional distinctions affect biogeochemical rates
through quantity and quality (nutrient versus structural
content) of plant matter inputs inherent in contrasts of, for
example, annual versus perennial herbaceous, deciduous
versus evergreen woody, C4 versus C3 photosynthetic pathway,
and nitrogen fixing versus non-fixing species. Climate-driven
shifts in the diversity of an ecosystem’s plant functional types,
especially with the gain or loss of key types controlling system
dynamics, can be major determinants of the climate response
of energy and matter flow rates and pathways (Díaz and
Cabido 2001; Kappelle et al. 1999). This sensitivity to shifts
in key types can occur even if each type is represented by only
one to a few species, resulting in little change in overall species
diversity.

Aboveground–Belowground Ecosystem Interactions

Material and energy flows in terrestrial ecosystems are also
determined by climate-sensitive interactions between above-
and belowground realms and so by traits of these communi-
ties (Bardgett et al. 2005; Wall 2007; Wardle et al. 2004).
Belowground microbial and faunal communities interact with
the aboveground realm in ways that depend on the nature of
their association with plants – those in food webs associated
with roots (with primary consumption by root herbivores,
parasites, and pathogens), in detrital food webs (decom-
posers), versus in mutualistic association with roots (mycor-
rhizae) (Bever et al. 2010; De Deyn and Van der Putten 2005;
Wardle et al. 2004).

The aboveground community exerts strong control over
detrital and root food webs primarily through the quantity and
quality of plant matter – a function of plant community
composition, as described above. In addition, aboveground
herbivory can alter plant tissue quality – in the short term,
through plant biochemical responses (of increased nitrogen
content and/or secondary defensive compounds) and, in the
long term, through plant community shifts (to lower quality
forage species) (Wardle et al. 2004).

At the same time, belowground communities strongly
influence plant productivity (and tissue quality) through:

l The detrital food web, both mineralizing organic inputs to
available forms and competing with plants for these
nutrients.

l Mycorrhizal facilitation of plant nutrient uptake.
l Degradation of root uptake efficiency by the root-associated

food web (through root consumption and disease).
l Belowground microbial and invertebrate induction of

plant defenses against aboveground herbivory and plant-
shoot pathogens, altering plant growth and chemistry
(defensive compounds). Such plant productivity and tissue
chemical responses can be both plant- and belowground
inducer-species specific and have bottom-up community
effects, shifting plant competitive and trophic interactions
(Bezemer and van Dam 2005).
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Climatic vulnerability of ecosystems emerges from the
compositional and functional diversity of these communities
and complexity of their interactions (Chapin et al. 2000; Kap-
pelle et al. 1999; Wardle et al. 2004). Biogeochemical processes
and functional group behavior are strongly sensitive to their
climatic controls; however, ecosystem model intercomparison
studies suggest high uncertainty in our understanding of this
vulnerability even at the broadest (regional and continental)
scales (Cramer et al. 2001; Purves andPacala 2008; Schimel et al.
2000). At finer scales, the magnitude and expression of climate
vulnerability are even less predictable because above- and
belowground dynamics are highly nonlinear anddependon site
details, such as soil fertility and, as just described, soil and plant
community composition and aboveground herbivory (Wardle
et al. 2004). Such nonlinear ecological networks are potentially
capable of sudden regime shifts and passing through tipping
points in their structure and function (Biggs et al. 2009;Hastings
and Wysham 2010; Wall 2007).

4.15.3.4 Landscape–Global Continuum

The spatial arrangement of communities and ecosystem
processes on the landscape brings additional complexity
arising from physical and biotic connectivity. Connectivity of
landscape units provides for water- and air-mediated flow of
energy and materials (e.g., organic and inorganic particles,
water, and propagules) downslope and downwind (Reiners
and Driese 2001; Seastedt et al. 2004; Soranno et al. 1999). In
addition, landscape continuity facilitates seasonal and onto-
genetic (life-stage) migrations and range expansion (Berger
2004; Olds et al. 2012). Such biogeochemical, population, and
other linkages are vulnerable to disruption of the physical
environment (e.g., shifted hydrology and destabilized land-
forms, as discussed earlier) and interruption of biotic conti-
nuity through rearrangement or loss of crucial communities
(such as suitable habitats forming corridors or those that are
key sources for transported organic material).

Connectivity extends to regional and global scales with
interbasin, intercontinental, and between ocean and continent
aeolian transport of aerosols (e.g., nitrogen deposition), dust
(from aridlands), and organisms (e.g., microbes, insects, prop-
agules) (Baron et al. 2009; Brander 2007; Sharma et al. 2007;
Washington et al. 2009;White et al. 2012). Sustained changes in
such inputs can alter ecosystem function and structure (Avila
and Peñuelas 1999; Fenn et al. 2003; Steltzer et al. 2009).

4.15.3.5 Synergisms among Climate and Other Stressors

Climatic impacts on species adaptive capacity are, in addition,
in the context of other environmental stressors on biodiversity
(Figure 1, upper left panel). These include direct anthropogenic
effects such as habitat conversion (e.g., Vieira et al. 2009),
exotic invasive introductions (‘biotic homogenization,’ Olden
et al. 2004), and disruption of biogeochemical cycles (Vitousek
et al. 1997). Acting together, these stressors exhibit not only
additive effects but also strong synergisms with climate (Brook
et al. 2008). Exacerbating feedbacks between climate and other
stressors include those with:

l Habitat modification – including (1) atmosphere-land
surface feedbacks accompanying land use change, such as

fragmentation, salinization, and desertification (e.g., acceler-
ated drought with deforestation; Laurance and Williamson
2001) and (2), for aquatic environments, compounding
influencesofprecipitation regime change,upland landuse, and
water impoundment on light, temperature, sediment load, and
chemistry of continental and coastal waters (Walling 2009).

l Overexploitation of species utilized for food, timber, etc.
where reduction or extirpation of populations and disrup-
tion of foodweb dynamics increase a species' vulnerability to
other stressors (such as climate) (Biggs et al. 2009; Brander
2007; Nellemann et al. 2008).

l Altered fire disturbance regime – from environmental
changes including (1) human-related fire suppression or
ignition, (2) shifts to more fire-prone plant communities
with the establishment of invasive exotics, and (3) fertil-
ization from atmospheric nitrogen deposition adding fuel
load (D’Antonio and Vitousek 1992; Fenn et al. 2003;
Schoennagel et al. 2004).

l Altered chemical environment – inducing biogeochemical
and community changes from (1) elevated atmospheric
CO2-induced fertilization (of terrestrial plants) and ocean
acidification (to the detriment of calcifying marine organ-
isms), (2) introduced toxins via air, soil, and water pollu-
tion, (3) atmospheric deposition causing soil and water
acidification and enhancing nitrogen inputs (as just noted
regarding fire), and (4) altered terrestrial nutrient runoff to
continental waters and oceans (Baron et al. 2009; Brander
2007; Fenn et al. 2003; Gitay et al. 2001; Kleypas et al. 1999;
Pandolfi et al. 2011). In terrestrial and aquatic systems,
changes in physical climate influence these chemical
deposition, infiltration, and runoff impacts (1) directly
through shifting precipitation and snowmelt regimes and
(2) synergistically, with thermal and moisture regimes also
affecting these biogeochemical responses.

l Insect outbreaks – aided by climate directly through (1)
altered host plant susceptibility (e.g., plant moisture status)
and (2) altered insect life cycles (e.g., a step-up in the
number of breeding cycles per annum) (Mitton and
Ferrenberg 2012; Raffa et al. 2008).

l Invasive exotics – with climate-facilitated spread of invasives
through, for example, newestablishmentopportunities arising
from shifts in (1) dispersal routes (via wind and water circu-
lation), (2) disturbance regimes, or (3) competitive setting
(from community shifts) (Burgiel and Muir 2010; Hellmann
et al. 2008). In a climatic feedback, the impact of invasives on
community structure can be strong enough to alter basin
microclimates and hydrology (van Wilgen et al. 1996).

l Disease invasion – where the introduction and spread of
emergent diseases into wildland plant and animal
communities are driven by an array of factors acting indi-
vidually and synergistically. These include: (1) land use
change encroaching on natural areas, such as land conver-
sion for agriculture, settlement, and water impoundment
(giving rise, for example, to zoonoses – animal diseases
transmitted through contact of wildlife with domestic
animals and humans; Patz et al. 2000), (2) atmospheric N
deposition and elevated atmospheric CO2 (e.g., affecting
susceptibility to disease due to altered plant growth
patterns; Mitchell et al. 2003), (3) diminished plant
community diversity resulting in increased host-species
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densities (e.g., directly through management or indirectly
through plant preferences of introduced grazers; Borer et al.
2009), and (4) changing climatic conditions (Crowl et al.
2008; Patz et al. 2000; Woods et al. 2005). Introduction of
new diseases and elevated infection rates significantly
impact the structure and function of ecosystems (Anderson
and May 1986; Crowl et al. 2008), with the outcome
determined in interaction with climate and other stressors.

Such a multiple-stressor context provides for a more encom-
passing assessment of climate vulnerability, yet with concom-
itant levels of added uncertainty (Sala et al. 2000).

4.15.4 Implications for Biodiversity Conservation:
Fundamentals, Uncertainties, and Planning

4.15.4.1 Fundamentals of Vulnerability

Fundamental lessons that emerge regarding the vulnerability of
biodiversity to climate are:

l Biodiversity at species through landscape levels is vulner-
able to climate acting (1) directly on organisms – which,
through ecological networks, generate and are subject to
higher-order population, community, and ecosystem
vulnerabilities, (2) indirectly through climatic alteration
of the physical environment, and (3) synergistically with
other stressors.

l At the species level, adaptive capacity – countering such
vulnerability – arises from (1) physiological breadth, (2)
life-history strategies affecting population viability, (3)
flexibility of interspecific (mutualistic, competitive, and
trophic) interactions, and (4) dispersal capable of tracking
shifting favorable conditions elevationally and laterally.

l Species adaptive capacity is mutable through (1) phenotypic
plasticity and (2) microevolution – both highly variable
among species as a function of genetic, reproductive, and
coevolutionary controls. Some elements of adaptive capacity
are latent – potentially released by changing conditions (such
as release from competition and triggering of cryptic genetic
variation).

l Genetic basis of adaptive capacity geographically varies over
a species range as a consequence of (1) variation in
microevolutionary potential, (2) abiotic and biotic envi-
ronmental gradients affecting selective pressure, and (3)
climatic and evolutionary history.

l Vulnerability of communities and ecosystem material and
energy flows emerges from (1) community composition,
especially as it relates to the functional diversity of species
(i.e., in terms of general functional types and species with
system-determining traits), (2) complexity and strength of
interactions, especially the extent to which trophic network
structure is determined by bottom-up and/or top-down
interactions, and (3) matter and energy exchange among
landscape units (and with domains farther afield).

l In all these aspects, vulnerability is context dependent, for
example, what (what species, with what genetics, and in
what community networks), where (in the core versus
margin of its geographic range, and in what current climatic,
physiographic, and ecological region), and when (what
history, what foreseeable future threats).

4.15.4.2 Uncertainties

These vulnerabilities involve complex interactions among
multiple system components and across a broad range of time
and space scales. This complexity results in nonlinear
dynamics, as previously noted, potentially exhibiting lagged
(Jones et al. 2009; Metzger et al. 2009) and threshold (regime-
shift or tipping-point) behavior (Barnosky et al. 2012; Biggs
et al. 2009; Burkett et al. 2005; Malhi et al. 2009). Such systems
are inherently difficult to predict (Hastings and Wysham 2010;
Holt 1990; Scheffer et al. 2009; Wardle et al. 2004), affecting
our ability to assess species and system vulnerability.

Given that vulnerability is judged relative to the magnitude
and nature of stressors, such assessment is also hampered by
uncertainty in drivers of change –whether climatic or from other
threats, as previously discussed. Predictability is additionally
constrained by our limited understanding of even modest
portions of vulnerability dynamics summarized in the previous
section (and in Figure 1) – especially when focused on a species
or community of concern, much less for whole landscapes. One
source for this deficiency is insufficient observations of systems
under rapid, multisource environmental change that would
reveal key dynamics – such as, to name but a few:

l Latent adaptive capacity of species such – as phenotypic
plasticity, microevolution, and cryptic genetic variation

l Co-microevolutionary potential of mutualists (e.g., Rice
and Emery 2003)

l Cross-temporal and spatial scale population responses to
climate variability (e.g., Hallett et al. 2004; Stenseth and
Mysterud 2005)

l Role of interspecific competition during species range
movement (Davis et al. 1998)

l Threshold versus system-stabilizing community dynamics
(e.g., de Ruiter et al. 1995)

l Dynamics leading to the rise of novel ecosystems (Williams
and Jackson 2007).

In sum,

l Biodiversity is vulnerable to changing climate conditions
across its breadth and depth – that is to say, altering
composition, structure, and function of species genetics and
populations and communities, ecosystems, and landscapes.
Vulnerability is highly interwoven across these levels and
across temporal and spatial scales, as well as being context
dependent.

l Uncertainty in the outcomes of this vulnerability, however,
is highdthat is, potentially equal to or greater than the
magnitude of the vulnerability.

The bottom line is that the task of incorporating climate
vulnerability into conservation planning is both essential and
inherently difficult.

4.15.4.3 Dealing with Climate Uncertainty
in Conservation Planning

While plausible future changes in climate put at risk species
persistence and the integrity of community networks and
ecosystem function, uncertainty in how this will be played out
means we are far from being able to adequately assess ‘on the
ground’ outcomes of this vulnerability. Such uncertainty can be
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perceived as overwhelming, blocking progress toward including
climate vulnerability in conservation planning. To overcome this
roadblock, a strategy is needed to deal with uncertainty in an
appropriate way – that is, a strategy that explores and copes with
uncertainty, rather than putting it aside.

There are many areas in our professional and personal lives
where we undertake strategic planning in the context of
uncertain future conditions; nonetheless, we face these uncer-
tainties and devise and implement plans according to our
expertise and information available. Conservation planning by
its nature deals with threats that have highly unpredictable
elements such as habitat fragmentation, invasive species, or
altered disturbance regime. Wemay not know, for example, the
timing, duration, intensity, location, or other critical attributes
of a threat, yet conservation teams devise management plans to
address these threats (Groves 2003).

We can also look for guidance for planning under uncer-
tainty in disciplines farther afield. Uncertainty in financial
markets has similarities with that in ecological systems (Scheffer
et al. 2009). In both cases, high uncertainty arises from:

l Low predictability due to system complexity – e.g., from
nonlinear, positive and negative feedback, threshold, and
cross-scale (micro- to macroeconomic, genetic to
ecosystem) dynamics.

l Poorly understood (and poorly quantified) system-wide
behavior or behavior of even limited domains (i.e.,
economic sectors, ‘vulnerability domains’ in Figure 1).

l Unknown, or not widely recognized, intrinsic and extrinsic
threats to system stability.

We can then borrow basic tenets from financial planning for
a scheme for conservation planning under an uncertain climate
future. In analogy to ‘to invest smart,’ ‘to conserve smart’ is to
implement strategies that recognize and handle uncertainty – that
hedge against worst-case scenarios, but which do not lead to poor
decisions under current conditions. I paraphrase six investment
‘coping with uncertainty’ tenets which contribute to an integrated
conservation strategy for climate change (presented in Section
4.15.4.4). (Quoted investment lessons are not from specific
sources, but, rather, are common guidance found, for example, on
the Internet.)

4.15.4.3.1 Tenet 1: Monitoring and Historical Analysis
Monitoring temporal dynamics and long-term trends develops
a knowledge base and intuition of system dynamics influencing
biodiversity on which to base andmodify decisions (analogous
to “Never invest in something you don’t understand”). An early
emphasis on monitoring, if not already ongoing, builds an
observational dataset that can be the basis for historical analyses
and model development. Initiating monitoring at the onset –
not after the planning process is completed nor as an after-
thought to monitor a plan’s effectiveness – has the benefit of
providing the longest possible record. A longer observational
record increases the chance of capturing dynamics counter to or
more complex than our expectations (e.g., shifting or unstable
behavior). Care should be taken in designing and implementing
a monitoring program to assure that the record is free from
inhomogeneities andother data quality issues so itmaybe relied
on for temporal analyses (Kittel 2009).

Analysis of long-term records lends valuable insights to the
question of vulnerability and with it a first-order estimate of

future behavior. However, this tenet comes with a caution
regarding extrapolation that future dynamics may well go
outside of what has been observed in the past (“Past perfor-
mance is no indication of future return”).

4.15.4.3.2 Tenet 2: Diversify Holdings
A common conservation planning strategy for identifying crit-
ical locations for protective measures is to select a portfolio of
best sites possible – sites with, for example, (1) the largest
populations of a species or the greatest extent of an ecosystem of
interest, (2) the best quality of habitat, and (3) the lowest level
of threats, current or foreseeable (such as areas with substantial
buffer zones – e.g., buffered from roads and other human
development). These ‘best of the best’ criteria assist in selecting
conservation sites with the most intact processes supporting
biodiversity and ecological and evolutionary function.

Achieving diversity among such sites in terms of their key
attributes is a complementary strategy to reduce risk to biodi-
versity under high environmental uncertainty (“Diversify your
portfolio to reduce risk”). Selectingmultiple sites under best-site
criteria for multiple conservation elements (species and
ecosystems) will diversify holdings as a matter of course, with
sites selected to optimize criteria in different ways for different
elements. However, as in investing, site diversification can
adhere to yet higher standards – a diversity of sites meeting best-
condition criteria may be akin to a portfolio of highly rated
stock diversified across sectors; focused on stock, it has higher
risk relative to one diversified with additional instruments as
bonds, real estate, and commodities (“Similarity among hold-
ings reduces a portfolio’s effective diversification”). Concepts
(and tools) regarding financial portfolio optimization can be
employed to design and evaluate diversification in conservation
plans (Ando and Hannah 2011; Moore et al. 2010).

An additional strategy to enhance diversity in site selection is
to recognize opportunities to support adaptive capacity in
otherwise passed-over sites. For example, low priority sites –

whether an occurrence of a currently small, unviable population
or amarginal habitat–mayhave greater value in light of climatic
uncertainty if they harbor critical source populations for
geographic expansion and genetic diversity or have the potential
to develop into primehabitat under amore favorable climate. In
addition, currently low value, degraded sites with good poten-
tial for restoration have added value if they offer an opportunity
to reestablish key habitats and landscape integrity, improving
species and system adaptive capacity (e.g., Johnson et al. 2005;
Renton et al. 2012). This is not a strategy to select poor sites per
se, but to seek value in less favorable locations.

4.15.4.3.3 Tenet 3: Multiple Planning Horizons
Biodiversity conservation planning is by definition for the long-
term. However, under a changing but uncertain climate,
devising a plan relevant to both current and (indeterminable)
future states is problematic. A solution is to develop a multiple-
goal conservation plan, where different conservation strategies
are developed for different planning horizons (“Establish
multiple investment strategies to meet financial goals for
different time horizons”). One such multigoal approach is to
separately focus on short- versus long-term climate risk,
following a scenario of climate change shifting from being
moderately to severely disruptive to species and ecosystems over
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the coming decades – a scenario consistent with fundamental
lessons regarding plausible climatic change and ecological
vulnerability (see Section 4.15.2, Section 4.15.4.1). These two
planning horizons have their parallels elsewhere in species
conservation assessment, such as in 10- and 100-year time-
frames used for evaluating population reduction and extinction
risk in the International Union for Conservation of Nature Red
List (International Union for Conservation of Nature 2010).

Moderate Climatic Disruption Strategy

Under a multiple-time horizon approach, conservation strate-
gies for the near-term could consider potential climatic change
over, for example, the next 10–20 years to be sufficient to alter
population survivorship and landscape processes – but under
which species and ecosystems are still capable of local adap-
tation. Goals would then be to:

l Protect current and restore potentially high-value conser-
vation sites (per Tenet 2)

l Implement measures to protect and enhance species and
system adaptive capacity (with respect to climate, other
stressors, and their synergisms) and species potential for
microevolutionary change.

Corresponding strategies could include the following:

l Supplementing the list of species and systems of conserva-
tion concernwith those elements not currently considered at
risk but which may become so due to their climate vulner-
ability (e.g., Horn 2011).

l Preferentially increasing conservation goals (quantity and
quality of sites) for species and systems identified as most
vulnerable to climate change (e.g., Horn 2011; Howard and
Carver 2011).

l Selecting landscape units that increase landscape and
regional connectivity and increase buffering from other
threats to reduce species and system vulnerability (e.g.,
Kittel et al. 2011c).

These goals and strategies are consistent with conservation
practice employed for other threats (Groves 2003), and so do
not rely on any innovation other than to treat climate as an
additional threat with its own attributes (Kittel et al. 2011c).
Ideally, this is a ‘no regrets’ strategy as it encompasses conser-
vation actions that would have been called for without explicit
consideration of climate issues and, by supporting adaptive
capacity, has benefits in regard to other threats regardless of
whether climate substantially changes or not (Howard et al.
2010; Wilby and Vaughan 2011). These actions are more likely
‘least regrets,’ as opposed to ‘no regrets,’ because of imple-
mentation or opportunity costs associated with increases in or
some shifting of conservation priorities (Wilby and Vaughan
2011).

Severe-Disruption Strategy

In the longer term, such as over the next 70–100 years, we can
consider the possibility that climatic conditions could change so
much that there is little expectation that ecosystems would be the
same or that any species of concern would be locally retained
(Araújo et al. 2004; Bachelet et al. 2001). Such a severe dis-
ruption requires that we consider substantially different adapta-
tion strategies and conservation goals (Seastedt et al. 2008).

Given the uncertain status of local and regional biodiversity
under this scenario, an approach is to look beyond biological
attributes of a landscape and consider how the physical land-
scape supports biodiversity (without any expectation of what
ecosystems may arise there with time) (Kittel et al. 2011a). A
strategy is to select landscapes (1) for current physical integrity
(with little disruption of, for example, hydrologic network
function and soil and geomorphologic processes) and (2) to
capture a region’s physiographic diversity (e.g., based on
elevation, slope, aspect, stream order, lake basin attributes, and
bedrock geology). Such landscapes may offer the best prospect
for retention of intact ecological and evolutionary processes and
for future development of new functioning ecosystems
(Anderson and Ferree 2010; Beier and Brost 2010; Cowling et al.
1999; Kittel et al. 2011a). As ‘enduring landscapes,’ these
physical landscapes are largely defined by their topographic and
geologic character and so are generally not sensitive to climate
changes at ecological timescales (unless significant changes in
geomorphology result from climate shifts, for example).

4.15.4.3.4 Tenet 4: Expect SurprisesdScenario Planning
As noted earlier, species or system vulnerability is relative to the
magnitude and nature of a threat. While moderate- and severe-
disruption contexts (Tenet 3) give us the opportunity to develop
generalized magnitude-linked strategies, we can also employ
‘scenario planning’ to consider vulnerability under a suite of
more specific, qualitatively distinct alternative future states.
Derived from military and business applications for dealing
with high uncertainty, conservation scenario planning generates
a limited set of ‘what if’ scenarios selected to reflect the breadth
of probable – as well as less probable but still plausible – futures
(Peterson et al. 2003). These form alternative reference frames
for assessing species and system vulnerabilities on which to base
a suite of conservation strategies. This approach can be imple-
mented by a team of experts offering diverse perspectives, drawn
from multiple disciplines and professional backgrounds (e.g.,
from nongovernmental organizations, agencies, and research
institutions) (Kittel et al. 2011c; MacMillan and Marshall 2006;
Peterson et al. 2003; Runge et al. 2011).

In contrast to projections that (1) suggest a probabilistic
relationship between altered drivers and outcomes (with the
probability usually implied but not known or quantifiable)
(MacCracken 2001) and (2) commonly are used in climate
impact assessments (e.g., Fischlin et al. 2007), scenarios reflect
the possible rather than just the probable and can be the
foundation of vulnerability assessments (Kittel et al. 2011c;
Peterson et al. 2003). Scenarios can be general or specific
statements of contrasting future states and can be developed
from observed system behavior, system sensitivity from model
projections, and ‘imaginative speculation’ – the last is to chal-
lenge our thinking about future dynamics beyond those expe-
rienced or expected (Peterson et al. 2003; Turner et al. 2003; an
example application in conservation planning is given in Horn
2011, Howard and Carver 2011, and Kittel et al. 2011c).

4.15.4.3.5 Tenet 5: Save Aggressively and Early
If uncertainty is so large that site diversity, multiple time
horizon, and scenario planning strategies (Tenets 2–4) seem
insufficient, the fallback hedge against uncertainty is to
implement conservation action more extensively across the
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landscape (“Save aggressively to counter downside risk”). An
example would be to have greater redundancy in the number of
sites fulfilling any one goal. This would likely expand conser-
vation site selection into lower priority, low quality areas (e.g.,
Kittel et al. 2011c) and might call for restoration to realize the
potential adaptive capacity of these landscapes. As with any
conservation plan, a complementary strategy is to implement
its components as soon as feasible given that opportunity costs
(lost opportunities) for protecting habitats and landscapes
increase with time, as key environments are degraded by other
stressors (“Start investing early”); this need is only intensified
with climatic uncertainty (Hannah et al. 2007).

In conservation planning, the question of “How much is
enough?” is one difficult to address (1) because of uncertainty
in future levels of risk from both known and unanticipated
threats and (2) because, for more pragmatic considerations,
conservation plans often call for a level of action greater than
feasible given limited opportunity and financial resources. That
said, high uncertainty in climate risk ups the level of critical
conservation action needed to reduce the vulnerability of
species and ecosystems and should provide additional incen-
tive for action by agencies, conservation organizations, and
other public and private stakeholders.

4.15.4.3.6 Tenet 6: Revisit Goals and StrategiesdAdaptive
Management
A conservation plan for reducing climate vulnerability needs to
include a review process for keeping the plan on goal by
incorporating monitoring feedback and new information
(“Periodically reevaluate financial goals, adjust investment
strategies accordingly”). This is to help cope with uncertainties
in how conservation strategies will play out due to unexpected
species and system dynamics and unanticipated changes in
external forcings (including from new threats).

One approach for on going reassessment in conservation
planning is ‘adaptive management’ (Keith et al. 2011). Adap-
tive management is an iterative process of (1) reassessing
species and system status through monitoring, (2) evaluating
current and alternative innovative strategies through research
and expert elicitation, and (3) adapting conservation plans in
light of these new insights (Conroy et al. 2011; Runge et al.
2011; Williams et al. 2007). The adaptive process could include
periodic reappraisal of goals, vulnerability assessments, and
strategies to take into consideration:

l Observed changes to populations, communities, and
ecosystems – including those tied to conservation plan
achievements and failures to date.

l Increased understanding of external forcing and internal
dynamics.

l New opportunities – such as from new ideas, tools, stake-
holders, and government policies.

4.15.4.4 A Vulnerability Approach for Conservation Planning

Consideration of climate in conservation planning often takes
the form of impact assessments, where the goal reflects
a perceived need to determine specifics of how, where, and
which elements of biodiversity might be strongly altered under
rapid climate change. Explicitly driven by climate projections,

this approach is referred to as ‘top down’ as it follows the
progression of cause and effect. However, this requires skillful
prediction and a certainty in future forcings – which, in all
practicality, are not achievable (see Section 4.15.2.1.2 and
Section 4.15.4.2). Consequently, high uncertainty and low
predictability limit the value of model projections for conser-
vation planning. Such limitations include that (1) spatial and
temporal details in projections are not definitive enough to be
relied on for planning, even when downscaled, (2) the use of
ensembles of projections to capture a range of outcomes still
constrains our outlook, as they (most likely) underrepresent
a larger domain of possible futures that may arise from
unforeseen or poorly modeled forcings and dynamics, and (3)
projections do not necessarily capture critical attributes of
climate relevant to understanding ecological, hydrological, and
other terrestrial and aquatic processes (such as key variables at
appropriate timescales) (Kittel et al. 2011c).

Alternatively, if we acknowledge that high uncertainty
in future outlooks cannot be sufficiently reduced, it may be
more productive to rephrase our goal to one of decreasing
the vulnerability of species and systems (Dawson et al. 2011;
Kittel et al. 2011c). This ‘vulnerability approach’ focuses on
enhancing adaptive capacity as a means to lower or cope with
risks from uncertainties (Pielke et al. 2012; Turner et al. 2003).
In contrast to projection-driven assessments, this is a ‘bottom-
up’ approach as it looks to understand species and ecosystem
dynamics that determine their vulnerability (Pielke et al.
2012). This approach focuses on producing planning outcomes
that better recognize and handle uncertainties, employing
strategies that do not rely on the temporal and geographic
details of model projections (Kittel et al. 2011c).

In the vulnerability approach, the investment-analog tenets
(see Section 4.15.4.3) give us a framework for handling uncer-
tainty in a ‘smart’ (appropriate) manner while devising strate-
gies to support the adaptive capacity of species and systems.
Stemming from these tenets, planning decisions are facilitated
by the integration of expert knowledge, scenario planning, a no-
regrets goal, and adaptive management as follows:

l Expert synthesis of established knowledge provides an
opportunity to gain insights into the resistance and resil-
ience of species and systems to a changing climate and,
based on this, to devise strategies to reduce or cope with
this risk (Dawson et al. 2011) (see also Comer et al. 2012;
Game et al. 2011; Hannah et al. 2002b; Hansen et al. 2010;
Mawdsley et al. 2009).

l Scenario planning gives us the means to not rely on climate
and ecological model projections for systems whose
complexities are, as previously described, inherently diffi-
cult to simulate; rather, scenario planning gives us a frame-
work with which to envision consequences to biodiversity
across a broad spectrum of plausible futures (including
conceivable ‘surprises’).

l A no-regrets goal guides us to implement climate-adaptive
strategies that benefit current conservation needs by also
decreasing species and system vulnerabilities to the suite of
other threats.

l Adaptive management protocols give conservation
programs the flexibility to adjust strategies to changing
conditions and advances in our understanding.
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The broader the perspective and more integrative the expert
synthesis is in its consideration of fundamental determinants
of biodiversity’s vulnerability to climate the better. This calls for
a suite of short- and long-term (multiple planning horizon)
climate-adaptive measures to sustain or restore (1) population
viability, dispersal, and microevolutionary processes, (2)
trophic, competitive, and mutualistic community networks,
(3) landscape disturbance regimes, and (4) ecosystem energy
and material flows. The resulting design is to support, at least
for the near-term, existing patterns of compositional, structural,
and functional biodiversity and, in the longer term, to allow for
their potential reconfiguration on the landscape as climatic
conditions shift.

Such strategies can be devised and deployed using current
best conservation practices, including those for maintenance
and reestablishment of the physical and biological integrity of
the environment, along with reduction of direct and synergistic
effects of other threats. Also derived from the tenets for coping
with climatic uncertainty, strategic options include diversifica-
tion, restoration, enhancement of buffering and connectivity,
‘enduring landscape’ conservation, and ‘save more/save early’
actions.

This process is clearly inexact, limited by our under-
standing of species and system adaptive capacity (see Section
4.15.3) and inherent constraints on environmental predict-
ability. Given the essential yet difficult task of conservation
planning in light of biodiversity’s vulnerability to climate
change, the vulnerability approach, integrated with strategies
to handle uncertainty, offers a path for us to prepare, even if
reluctantly, for an uncertain ecological future.

Acknowledgments

This work greatly benefited from discussions with colleagues at
the Nature Conservancy of Canada (Victoria, BC), Instituto de
Pesquisas Ecológicas (Institute of Ecological Research, Nazaré
Paulista, Brazil), and The Nature Conservancy. I wish to thank
Pierre Iachetti, Hannah Horn, Sara Howard, Gwen Kittel,
Matthew Fairbarns, Carmen Cadrin, Alexandre Amaral Nasci-
mento, Fernando Lima, Mariana Vale, Barry Baker, Betsy
Neely, John Sanderson, Dennis Ojima, and Jill Baron for their
insights re global change biology and biodiversity conserva-
tion in the context of climate change. Thanks also to Tim
Seastedt and Roger Pielke, Sr., for their valuable comments on
the chapter.

See also: Vulnerability of Pollination Ecosystem Services;
Sea-Level Rise and Coastal Ecosystems; Biodiversity – Marine
Food-Web Structure, Stability, and Regime Shifts; Terrestrial
Food Webs and Vulnerability of the Structure and Functioning
of Ecosystems to Climate; Desertification of Rangelands;
Vulnerability of Coral Reefs; Assessing Cumulative Risks to
Ecosystem Function: Expectations and Realities of
Environmental Change Interaction Effects; Vulnerability of
Estuaries to Climate Change; Vulnerability and Adaptation to
Climate Change in the Canadian Arctic.

References

Allen, C. R., and C. S. Holling, 2010: Novelty, adaptive capacity, and resilience. Ecology
and Society, 15 (3), 24. http://www.ecologyandsociety.org/vol15/iss3/art24/.

Anderson, M. G., and C. E. Ferree, 2010: Conserving the stage: climate change and
the geophysical underpinnings of species diversity. PLoS One, 5, e11554.

Anderson, R. M., and R. M. May, 1986: The invasion, persistence and spread of
infectious diseases within animal and plant communities [and discussion]. Philos.
Trans. R. Soc. B Biol. Sci., 314, 533–570.

Anderson, R. P., A. T. Peterson, and M. Gómez-Laverde, 2002: Using niche-based GIS
modeling to test geographic predictions of competitive exclusion and competitive
release in South American pocket mice. Oikos, 98, 3–16.

Ando, A. W., and L. E. E. Hannah, 2011: Lessons from finance for new land-conservation
strategies given climate-change uncertainty. Conserv. Biol., 25, 412–414.

Araújo, M. B., M. Cabeza, W. Thuiller, L. Hannah, and P. H. Williams, 2004: Would
climate change drive species out of reserves? An assessment of existing reserve-
selection methods. Glob. Change Biol., 10, 1618–1626.

Avila, A., and J. Peñuelas, 1999: Increasing frequency of saharan rains over
Northeastern Spain and its ecological consequences. Sci. Total Environ., 228,
153–156.

Avila, F. B., A. J. Pitman, M. G. Donat, L. V. Alexander, and G. Abramowitz, 2012:
Climate model simulated changes in temperature extremes due to land cover
change. J. Geophys. Res., 117.

Bachelet, D., R. P. Neilson, J. M. Lenihan, and R. J. Drapek, 2001: Climate change
effects on vegetation distribution and carbon budget in the United States.
Ecosystems, 4, 164–185.

Band, L. E., P. Patterson, R. Nemani, and S. W. Running, 1993: Forest ecosystem
processes at the watershed scale: incorporating hillslope hydrology. Agric. For.
Meteorol., 63, 93–126.

Bardgett, R., W. Bowman, R. Kaufmann, and S. Schmidt, 2005: A temporal approach to
linking aboveground and belowground ecology. Trends Ecol. Evol., 20, 634–641.

Barnosky, A. D., and Coauthors, 2012: Approaching a state shift in earth's biosphere.
Nature, 486, 52–58.

Baron, J. S., T. M. Schmidt, and M. D. Hartman, 2009: Climate-induced changes in
high elevation stream nitrate dynamics. Glob. Change Biol., 15, 1777–1789.

Beier, P., and B. Brost, 2010: Use of land facets to plan for climate change: conserving
the arenas, not the actors. Conserv. Biol., 24, 701–710.

Bentz, B. J., J. A. Logan, and J. C. Vandygriff, 2001: Latitudinal variation in
Dendroctonus ponderosae (Coleoptera: Scolytidae) development time and adult
size. Can. Entomol., 133, 375–387.

Berger, J., 1983: Ecology and catastrophic mortality in wild horses: implications for
interpreting fossil assemblages. Science, 220, 1403–1404.

Berger, J., 2004: The last mile: how to sustain long-distance migration in mammals.
Conserv. Biol., 18, 320–331.

Bever, J. D., and Coauthors, 2010: Rooting theories of plant community ecology in
microbial interactions. Trends Ecol. Evol., 25, 468–478.

Bezemer, T., and N. van Dam, 2005: Linking aboveground and belowground inter-
actions via induced plant defenses. Trends Ecol. Evol., 20, 617–624.

Biggs, R., S. R. Carpenter, and W. A. Brock, 2009: Turning back from the brink:
detecting an impending regime shift in time to avert it. Proc. Natl. Acad. Sci. USA,
106, 826–831.

Borer, E. T., C. E. Mitchell, A. G. Power, and E. W. Seabloom, 2009: Consumers
indirectly increase infection risk in grassland food webs. Proc. Natl. Acad. Sci.,
106, 503–506.

Both, C., M. Van Asch, R. G. Bijlsma, A. B. Van Den Burg, and M. E. Visser, 2009:
Climate change and unequal phenological changes across four trophic levels:
constraints or adaptations? J. Anim. Ecol., 78, 73–83.

Botkin, D. B., and Coauthors, 2007: Forecasting the effects of global warming on
biodiversity. Bioscience, 57, 227–236.

Brander, K. M., 2007: Climate change and food security special feature: global fish
production and climate change. Proc. Natl. Acad. Sci., 104, 19709–19714.

Brasier, C. M., and J. K. Scott, 1994: European oak declines and global warming:
a theoretical assessment with special reference to the activity of Phytophthora-
cinnamomi. EPPO Bull., 24, 221–232.

Breshears, D. D., T. E. Huxman, H. D. Adams, C. B. Zou, and J. E. Davison, 2008:
Vegetation synchronously leans upslope as climate warms. Proc. Natl. Acad. Sci.
USA, 105, 11591–11592.

Brook, B., N. Sodhi, and C. Bradshaw, 2008: Synergies among extinction drivers under
global change. Trends Ecol. Evol., 23, 453–460.

Burgiel, S. W., and A. A. Muir, 2010: Invasive Species, Climate Change and
Ecosystem-based Adaptation: Addressing Multiple Drivers of Global Change.
Global Invasive Species Programme (GISP), 55 pp.

198 The Vulnerability of Biodiversity to Rapid Climate Change

Climate Vulnerability, First Edition, 2013, 185–201

Author's personal copy

http://www.ecologyandsociety.org/vol15/iss3/art24/


Burkett, V. R., and Coauthors, 2005: Nonlinear dynamics in ecosystem response
to climatic change: case studies and policy implications. Ecol. Complex., 2,
357–394.

Cardinale, B. J., and Coauthors, 2012: Biodiversity loss and its impact on humanity.
Nature, 486, 59–67.

Case, T. J., and M. L. Taper, 2000: Interspecific competition, environmental gradients,
gene flow, and the coevolution of species’ borders. The Am. Nat., 155, 583–605.

Chan, K. M. A., L. Hoshizaki, and B. Klinkenberg, 2011: Ecosystem services in
conservation planning: less costly as costs and side-benefits. BC J. Ecosyst.
Manag., 12, 98–100.

Chapin III, F. S., and Coauthors, 2000: Consequences of changing biodiversity. Nature,
405, 234–242.

Chen, I. C., J. K. Hill, R. Ohlemuller, D. B. Roy, and C. D. Thomas, 2011: Rapid range
shifts of species associated with high levels of climate warming. Science, 333,
1024–1026.

Chen, R.-S., and B. A. McDonald, 1996: Sexual reproduction plays a major role in the
genetic structure of populations of the fungus Mycosphaerella graminicola.
Genetics, 142, 1119–1127.

Collins, S. L., and L. B. Calabrese, 2012: Effects of fire, grazing and
topographic variation on vegetation structure in tallgrass prairie. J. Veg. Sci., 23,
563–575.

Comer, P. J., and Coauthors, 2012: Climate Change Vulnerability and Adaptation
Strategies for Natural Communities: Piloting Methods in the Mojave and Sonoran
Deserts. Report to the U.S. Fish and Wildlife Service. Nature Serve, 73 pp.

Conroy, M. J., M. C. Runge, J. D. Nichols, K. W. Stodola, and R. J. Cooper, 2011:
Conservation in the face of climate change: the roles of alternative models,
monitoring, and adaptation in confronting and reducing uncertainty. Biol. Conserv.,
144, 1204–1213.

Cowling, R. M., R. L. Pressey, A. T. Lombard, P. G. Desmet, and A. G. Ellis, 1999:
From representation to persistence: requirements for a sustainable system of
conservation areas in the species-rich mediterranean-climate desert of southern
Africa. Divers. Distrib., 5, 51–71.

Cramer, W., and Coauthors, 2001: Global response of terrestrial ecosystem structure
and function to CO2 and climate change: results from six dynamic global vegetation
models. Glob. Change Biol., 7, 357–373.

Crowl, T. A., T. O. Crist, R. R. Parmenter, G. Belovsky, and A. E. Lugo, 2008: The
spread of invasive species and infectious disease as drivers of ecosystem change.
Front. Ecol. Environ., 6, 238–246.

D’Antonio, C. M., and P. M. Vitousek, 1992: Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annu. Rev. Ecol. Syst., 23, 63–87.

Daly, C., D. Bachelet, J. M. Lenihan, R. P. Neilson, W. Parton, and D. Ojima, 2000:
Dynamic simulation of tree-grass interactions for global change studies. Ecol.
Appl., 10, 449–469.

Davis, A., L. Jenkinson, J. Lawton, B. Shorrocks, and S. Wood, 1998: Making
mistakes when predicting shifts in species range in response to global warming.
Nature, 391, 783–786.

Davis, M. B., R. G. Shaw, and J. R. Etterson, 2005: Evolutionary responses to
changing climate. Ecology, 86, 1704–1714.

Dawson, T. P., S. T. Jackson, J. I. House, I. C. Prentice, and G. M. Mace, 2011: Beyond
predictions: biodiversity conservation in a changing climate. Science, 332, 53–58.

De Deyn, G., and W. Van der Putten, 2005: Linking aboveground and belowground
diversity. Trends Ecol. Evol., 20, 625–633.

de Ruiter, P. C., A.-M. Neutel, and J. C. Moore, 1995: Energetics, patterns
of interaction strengths, and stability in real ecosystems. Science, 269,
1257–1260.

Díaz, S., and M. Cabido, 2001: Vive la différence: plant functional diversity matters to
ecosystem processes. Trends Ecol. Evol., 16, 646–655.

Elliott-Fisk, D. L., 1983: The stability of the Northern Canadian tree limit. Ann. Assoc.
Am. Geogr., 73, 560–576.

Etterson, J. R., 2004a: Evolutionary potential of Chamaecrista fasciculata in relation to
climate change. I. Clinical patterns of selection along an environmental gradient in
the Great Plains. Evolution, 58, 1446–1458.

Etterson, J. R., 2004b: Evolutionary potential of Chamaecrista fasciculata in relation
to climate change. II. Genetic architecture of three populations reciprocally
planted along an environmental gradient in the Great Plains. Evolution, 58,
1459–1471.

Etterson, J. R., and R. G. Shaw, 2001: Constraint to adaptive evolution in response to
global warming. Science, 294, 151–154.

Evans, S. G., and J. J. Clague, 1994: Recent climatic change and catastrophic
geomorphic processes in mountain environments. Geomorphol., 10, 107–128.

Feddema, J. J., K. W. Oleson, G. B. Bonan, L. O. Mearns, L. E. Buja, G. A. Meehl, and
W. M. Washington, 2005: The importance of land-cover change in simulating
future climates. Science, 310, 1674–1678.

Fenn, M. E., and Coauthors, 2003: Ecological effects of nitrogen deposition in the
western United States. Bioscience, 53, 404–420.

Fischlin, A., and Coauthors, 2007: Ecosystems, their properties, goods, and services.
Climate Change 2007: Impacts, Adaptation and Vulnerability. M. L. Parry et al.,
Eds., Cambridge University Press, 211–272.

Forchhammer, M., and E. Post, 2004: Using large-scale climate indices in climate
change ecology studies. Popul. Ecol., 46.

Forster, P., and Coauthors, 2007: Changes in atmospheric constituents and in radi-
ative forcing. Climate Change 2007: The Physical Science Basis. S. Solomon, Eds.,
Cambridge University Press.

Game, E. T., and Coauthors, 2010: Incorporating Climate Change Adaptation into
Regional Conservation Assessments. The Nature Conservancy, 56 pp.

Game, E. T., G. Lipsett-Moore, E. Saxon, N. Peterson, and S. Sheppard, 2011:
Incorporating climate change adaptation into national conservation assessments.
Glob. Change Biol., 17, 3150–3160.

Gibson, G., and I. Dworkin, 2004: Uncovering cryptic genetic variation. Nat. Rev.
Genet., 5, 681–690.

Gitay, H., S. Brown, W. Easterling, and B. Jallow, 2001: Ecosystems and their goods
and services. Climate change 2001: impacts, adaptation and vulnerability.
Contribution of Working Group II to the Third Assessment Report of the Inter-
governmental Panel on Climate Change. J. J. McCarthy et al., Eds., Cambridge
University Press, 235–342.

Glick, P., B. A. Stein, and N. A. Edelson, Eds., 2011: Scanning the Conservation
Horizon: a Guide to Climate Change Vulnerability Assessment. National Wildlife
Federation, 168 pp.

Groves, C. R., 2003: Drafting a Conservation Blueprint: A Practitioner’s Guide to
Planning for Biodiversity. Island Press.

Groves, C. R., and Coauthors, 2002: Planning for biodiversity conservation: putting
conservation science into practice. Bioscience, 52, 499–512.

Hallett, T. B., T. Coulson, J. G. Pilkington, T. H. Clutton-Brock, J. M. Pemberton, and
B. T. Grenfell, 2004: Why large-scale climate indices seem to predict ecological
processes better than local weather. Nature, 430, 71–75.

Hampe, A., and R. J. Petit, 2005: Conserving biodiversity under climate change: the
rear edge matters. Ecol. Lett., 8, 461–467.

Hance, T., J. van Baaren, P. Vernon, and G. Boivin, 2007: Impact of extreme
temperatures on parasitoids in a climate change perspective. Ann. Rev. Entomol.,
52, 107–126.

Hannah, L., G. F. Midgley, T. Lovejoy, W. J. Bond, M. Bush, J. C. Lovett, D. Scott, and
F. I. Woodward, 2002a: Conservation of biodiversity in a changing climate.
Conserv. Biol., 16, 264–268.

Hannah, L., G. F. Midgley, and D. Millar, 2002b: Climate change-integrated conser-
vation strategies. Glob. Ecol. Biogeogr., 11, 485–495.

Hannah, L., G. Midgley, S. Andelman, M. Araújo, G. Hughes, E. Martinez-Meyer,
R. Pearson, and P. Williams, 2007: Protected area needs in a changing climate.
Front. Ecol. Environ., 5, 131–138.

Hansen, L., J. Biringer, and J. R. Hoffman, Eds., 2003: Buying Time: A User’s Manual
for Building Resistance and Resilience to Climate Change. WWF Climate Change
Program, 244.

Hansen, L., J. Hoffman, C. Drews, and E. Mielbrecht, 2010: Designing climate-smart
conservation: guidance and case studies. Conserv. Biol., 24, 63–69.

Harley, C. D. G., and Coauthors, 2006: The impacts of climate change in coastal
marine systems. Ecol. Lett., 9, 228–241.

Harrington, R., I. Woiwod, and T. Sparks, 1999: Climate change and trophic inter-
actions. Trends Ecol. Evol., 14, 146–150.

Hastings, A., and D. B. Wysham, 2010: Regime shifts in ecological systems can occur
with no warning. Ecol. Lett., 13, 464–472.

Hayden, E. J., E. Ferrada, and A. Wagner, 2011: Cryptic genetic variation promotes
rapid evolutionary adaptation in an RNA enzyme. Nature, 474, 92–95.

Hellmann, J. J., J. E. Byers, B. G. Bierwagen, and J. S. Dukes, 2008: Five
potential consequences of climate change for invasive species. Conserv. Biol., 22,
534–543.

Hill, V. L., and G. L. Florant, 1999: Patterns of fatty acid composition in free-ranging
yellow-bellied marmots (Marmota flaviventris) and their diet. Can. J. Zool., 77,
1494–1503.

Holt, R. D., 1990: The microevolutionary consequences of climate change. Trends
Ecol. Evol., 5, 311–315.

Horn, H., 2011: Strategic conservation planning for terrestrial animal species in the
Central Interior of British Columbia. BC J. Ecosyst. Manag., 12, 36–53.

Howard, G., K. Charles, K. Pond, A. Brookshaw, R. Hossain, and J. Bartram, 2010:
Securing 2020 vision for 2030: climate change and ensuring resilience in water
and sanitation services. J. Water Clim. Change, 1, 2–16.

Howard, S. G., and M. Carver, 2011: Central Interior Ecoregional Assessment:
freshwater analysis. BC J. Ecosyst. Manag., 12, 72–87.

The Vulnerability of Biodiversity to Rapid Climate Change 199

Climate Vulnerability, First Edition, 2013, 185–201

Author's personal copy



Howe, G. T., S. N. Aitken, D. B. Neale, K. D. Jermstad, N. C. Wheeler, and
T. H. H. Chen, 2003: From genotype to phenotype: unraveling the complexities of
cold adaptation in forest trees. Can. J. Bot., 81, 1247–1266.

Hughes, T. P., and Coauthors, 2003: Climate change, human impacts, and the
resilience of coral reefs. Science, 301, 929–933.

Inouye, D. W., 2008: Effects of climate change on phenology, frost damage, and floral
abundance of montane wildflowers. Ecology, 89, 353–362.

Inouye, D. W., B. Barr, K. B. Armitage, and B. D. Inouye, 2000: Climate change is affecting
altitudinal migrants and hibernating species. Proc. Natl. Acad. Sci., 97, 1630–1633.

International Union for Conservation of Nature, 2010: Guidelines for Using the IUCN
Red List Categories and Criteria. Version 8.1 IUCN Standards and Petitions
Subcommittee, International Union for Conservation of Nature.

Isaac, J. L., 2009: Effects of climate change on life history: implications for extinction
risk in mammals. Endanger. Species Res., 7, 115–123.

Jezkova, T., V. Olah-Hemmings, and B. R. Riddle, 2011: Niche shifting in response to
warming climate after the last glacial maximum: inference from genetic data and
niche assessments in the chisel-toothed kangaroo rat (Dipodomys microps). Glob.
Change Biol., 17, 3486–3502.

Jha, S., L. Burkle, and C. Kremen, 2013: Vulnerability of pollination ecosystem
services in the face of global climate change. Climate Vulnerability: Understanding
and Addressing Threats to Essential Resources: Volume 4: Ecosystem Functions
and Services, T. Seastedt and K. Suding, Eds., Elsevier.

Johnson, W. C., B. V. Millett, T. Gilmanov, R. A. Voldseth, G. R. Guntenspergen, and
D. E. Naugle, 2005: Vulnerability of northern prairie wetlands to climate change.
Bioscience, 55, 863–872.

Jones, C., J. Lowe, S. Liddicoat, and R. Betts, 2009: Committed terrestrial ecosystem
changes due to climate change. Nat. Geosci., 2, 484–487.

Joyce, L. A., G. M. Blate, S. G. McNulty, C. I. Millar, S. Moser, R. P. Neilson, and
D. L. Peterson, 2009: Managing for multiple resources under climate change:
national forests. Environ. Manag., 44, 1022–1032.

Kappelle, M., M. M. I. Van Vuuren, and P. Baas, 1999: Effects of climate change on
biodiversity: a review and identification of key research issues. Biodivers. Conserv.,
8, 1383–1397.

Keith, D. A., and Coauthors, 2008: Predicting extinction risks under climate change:
coupling stochastic population models with dynamic bioclimatic habitat models.
Biol. Lett., 4, 560–563.

Keith, D. A., T. G. Martin, E. McDonald-Madden, and C. Walters, 2011: Uncertainty
and adaptive management for biodiversity conservation. Biol. Conserv., 144,
1175–1178.

Kelly, A. E., and M. L. Goulden, 2008: From the cover: rapid shifts in plant distribution
with recent climate change. Proc. Natl. Acad. Sci., 105, 11823–11826.

Kittel, G., C. Cadrin, D. Markovic, and T. Stevens, 2011a: Central Interior Ecoregional
Assessment: terrestrial representation in regional conservation plannning. BC J.
Ecosyst. Manag., 12, 54–71.

Kittel, T., 2009: The Development and Analysis of Climate Datasets for National Park
Science and Management: A Guide to Methods for Making Climate Records Useful
and Tools to Explore Critical Questions. National Park Service, Inventory and
Monitoring Program. https://irma.nps.gov/App/Reference/Profile/2169763.

Kittel, T. G. F., B. B. Baker, J. V. Higgins, and J. C. Haney, 2011b: Climate vulnerability
of ecosystems and landscapes on Alaska’s North Slope. Reg. Environ. Change, 11,
S249–S264.

Kittel, T. G. F., S. G. Howard, H. Horn, G. M. Kittel, M. Fairbarns, and P. Iachetti,
2011c: A vulnerability-based strategy for incorporating climate change in regional
conservation planning: framework and case study for the British Columbia Central
Interior. BC J. Ecosyst. Manag., 12, 7–35, http://jem.forrex.org/index.php/jem/
article/view/89.

Kleypas, J. A., R. W. Buddemeier, D. Archer, J.-P. Gattuso, C. Langdon, and
B. N. Opdyke, 1999: Geochemical consequences of increased atmospheric carbon
dioxide on coral reefs. Science, 284, 118–120.

Knutti, R., 2008: Should we believe model predictions of future climate change?
Philos. Trans. A Math. Phys. Eng. Sci., 366, 4647–4664.

Kundzewicz, Z. W., and Coauthors, 2007: Freshwater resources and their manage-
ment. Climate Change 2007: Impacts, Adaptation and Vulnerability. M. L. Parry
et al., Eds., Cambridge University Press, 173–210.

Laurance, W. F., and G. B. Williamson, 2001: Positive feedbacks among forest fragmen-
tation, drought, and climate change in the Amazon. Conserv. Biol., 15, 1529–1535.

Lawler, J. J., and Coauthors, 2010: Resource management in a changing and
uncertain climate. Front. Ecol. Environ., 8, 35–43.

MacCracken, M., 2001: Prediction versus projection - forecast versus possibility. Weath-
erZine, 26, http://sciencepolicy.colorado.edu/zine/archives/1-29/26/index.html.

MacMillan, D. C., and K. Marshall, 2006: The delphi process – an expert-based
approach to ecological modelling in data-poor environments. Anim. Conserv., 9,
11–19.

Malhi, Y., and Coauthors, 2009: Exploring the likelihood and mechanism of a climate-
change-induced dieback of the Amazon rainforest. Proc. Natl. Acad. Sci. USA,
106, 20610–20615.

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis, 1997: A Pacific
interdecadal climate oscillation with impacts on salmon production. Bull. Am.
Meteorol. Soc., 78, 1069–1079.

Mawdsley, J. R., R. O’Malley, and D. S. Ojima, 2009: A review of climate-change
adaptation strategies for wildlife management and biodiversity conservation.
Conserv. Biol., 23, 1080–1089.

McGowan, J. A., 1998: Climate-ocean variability and ecosystem response in the
Northeast Pacific. Science, 281, 210–217.

McGuigan, K., and C. M. Sgrò, 2009: Evolutionary consequences of cryptic genetic
variation. Trends Ecol. Evol., 24, 305–311.

Meehl, G. A., and Coauthors, 2007: Global climate projections. Climate Change 2007:
the Physical Science Basis. S. Solomon et al., Eds., Cambridge University Press.

Metzger, J. P., A. C. Martensen, M. Dixo, L. C. Bernacci, M. C. Ribeiro,
A. M. G. Teixeira, and R. Pardini, 2009: Time-lag in biological responses to
landscape changes in a highly dynamic Atlantic forest region. Biol. Conserv., 142,
1166–1177.

Mitchell, C. E., P. B. Reich, D. Tilman, and J. V. Groth, 2003: Effects of elevated CO2,
nitrogen deposition, and decreased species diversity on foliar fungal plant disease.
Glob. Change Bio., 9, 438–451.

Mitton, J. B., and S. M. Ferrenberg, 2012: Mountain pine beetle develops an
unprecedented summer generation in response to climate warming. Am. Nat., 179,
E163–E171.

Moore, J. W., M. McClure, L. A. Rogers, and D. E. Schindler, 2010: Synchronization
and portfolio performance of threatened salmon. Conserv. Lett., 3, 340–348.

National Park Service, 2010: National Park Service Climate Change Response
Strategy. National Park Service Climate Change Response Program, 28 pp.

National Research Council, 2005: Radiative Forcing of Climate Change: Expanding
the Concept and Addressing Uncertainties. Committee on Radiative Forcing
Effects on Climate Change, Climate Research Committee. National Research
Council, 208 pp.

National Research Council, 2010: Landscapes on the Edge: New Horizons for Research
on Earth’s Surface. Committee on Challenges and Opportunities in Earth Surface
Processes, 163 pp.

Nellemann, C., S. Hain, and J. Alder, Eds., 2008: In Dead Water – Merging of Climate
Change With Pollution, Over-Harvest, and Infestations in the World’s Fishing
Grounds. United Nations Environment Programme, GRID-Arendal, 62 pp.

Nemani, R. R., 2003: Climate-driven increases in global terrestrial net primary
production from 1982 to 1999. Science, 300, 1560–1563.

Noss, R. F., 1990: Indicators for monitoring biodiversity: a hierarchical approach.
Conserv. Biol., 4, 355–364.

O’Donnell, A. J., M. M. Boer, W. L. McCaw, and P. F. Grierson, 2011: Climatic
anomalies drive wildfire occurrence and extent in semi-arid shrublands and
woodlands of Southwest Australia. Ecosphere, 2, art127.

Olden, J. D., N. LeRoy Poff, M. R. Douglas, M. E. Douglas, and K. D. Fausch, 2004:
Ecological and evolutionary consequences of biotic homogenization. Trends Ecol.
Evol., 19, 18–24.

Olds, A. D., R. M. Connolly, K. A. Pitt, and P. S. Maxwell, 2012: Habitat connectivity
improves reserve performance. Conserv. Lett., 5, 56–63.

Overpeck, J., and R. Webb, 2000: Nonglacial rapid climate events: past and future.
Proc. Natl. Acad. Sci., 97, 1335–1338.

Overpeck, J. T., R. S. Webb, and T. Webb, 1992: Mapping eastern North American
vegetation change of the past 18 ka: no-analogs and the future. Geology, 20,
1071–1074.

Pandolfi, J. M., S. R. Connolly, D. J. Marshall, and A. L. Cohen, 2011: Projecting coral
reef futures under global warming and ocean acidification. Science, 333,
418–422.

Parton, W. J., J. M. O. Scurlock, D. S. Ojima, D. S. Schimel, D. O. Hall, and SCO-
PEGRAM Group Members, 1995: Impact of climate change on grassland
production and soil carbon worldwide. Glob. Change Biol., 1, 13–22.

Patz, J. A., T. K. Graczyk, N. Geller, and A. Y. Vittor, 2000: Effects of environmental
change on emerging parasitic diseases. Int. J. Parasitol., 30, 1395–1405.

Pederson, G. T., S. T. Gray, D. B. Fagre, and L. J. Graumlich, 2006: Long-duration
drought variability and impacts on ecosystem services: a case study from Glacier
National Park, Montana. Earth Interact., 10, 1–28, http://dx.doi.org/10.1175/
EI153.1.

Peterson, G. D., G. S. Cumming, and S. R. Carpenter, 2003: Scenario planning: a tool
for conservation in an uncertain world. Conserv. Bio., 17, 358–366.

Pielke, R. A., 2005: Land use and climate change. Science, 310, 1625–1626.
Pielke, R. A., Sr., 2008: A broader view of the role of humans in the climate system.

Phy. Today, 61, 54–55.

200 The Vulnerability of Biodiversity to Rapid Climate Change

Climate Vulnerability, First Edition, 2013, 185–201

Author's personal copy

http://https://irma.nps.gov/App/Reference/Profile/2169763
http://jem.forrex.org/index.php/jem/article/view/89
http://jem.forrex.org/index.php/jem/article/view/89
http://sciencepolicy.colorado.edu/zine/archives/1-29/26/index.html
http://dx.doi.org/10.1175/EI153.1
http://dx.doi.org/10.1175/EI153.1


Pielke, R. A., Sr., and Coauthors, 2012: Dealing with complexity and extreme events
using a bottom-up, resource-based vulnerability perspective. Extreme events and
natural hazards: The complexity perspective, A. S. Sharma et al., Eds., American
Geophyical Union. Geophys. Monogr. Ser., 196, 345–359.

Poiani, K. A., and W. C. Johnson, 1991: Global warming and prairie wetlands.
Bioscience, 41, 611–618.

Post, E., M. C. Forchhammer, N. C. Stenseth, and T. V. Callaghan, 2001: The timing of
life–history events in a changing climate. Proc. R. Soc. Lond. Ser. B: Biol. Sci.,
268, 15–23.

Power, M. E., and Coauthors, 1996: Challenges in the quest for keystones. Bioscience,
46, 609–620.

Purves, D., and S. Pacala, 2008: Predictive models of forest dynamics. Science, 320,
1452–1453.

Raffa, K. F., B. H. Aukema, B. J. Bentz, A. L. Carroll, J. A. Hicke, M. G. Turner, and
W. H. Romme, 2008: Cross-scale drivers of natural disturbances prone to anthro-
pogenic amplification: the dynamics of bark beetle eruptions. Bioscience, 58, 501.

Reed, T. E., D. E. Schindler, and R. S. Waples, 2011: Interacting effects of phenotypic
plasticity and evolution on population persistence in a changing climate. Conserv.
Biol., 25, 56–63.

Rehfeldt, G. E., C. C. Ying, D. L. Spittlehouse, and D. A. Hamilton Jr., 1999: Genetic
responses to climate in Pinus contorta: niche breadth, climate change, and
reforestation. Ecolo. Monogr., 69, 375–407.

Reiners, W. A., and K. L. Driese, 2001: The propagation of ecological influences
through heterogeneous environmental space. Bioscience, 51, 939–950.

Renton, M., N. Shackelford, and R. J. Standish, 2012: Habitat restoration will help
some functional plant types persist under climate change in fragmented land-
scapes. Glob. Change Biol., 18, 2057–2070.

Rial, J. A., and Coauthors, 2004: Nonlinearities, feedbacks and critical thresholds
within the Earth’s climate system. Clim. Change, 65, 11–38.

Rice, K. J., and N. C. Emery, 2003: Managing microevolution: restoration in the face of
global change. Front. Ecol. Environ., 1, 469–478.

Root, T. L., D. P. MacMynowski, M. D. Mastrandrea, and S. H. Schneider, 2005:
Human-modified temperatures induce species changes: joint attribution. Proc. Natl.
Acad. Sci. USA, 102, 7465–7469.

Rosenzweig, C., and Coauthors, 2007: Assessment of observed changes and responses
in natural and managed systems. Climate Change 2007: Impacts, Adaptation and
Vulnerability. M. L. Parry et al., Eds., Cambridge University Press, 79–131.

Rouse, W. R., and Coauthors, 1997: Effects of climate change on the freshwaters of
arctic and subarctic North America. Hydrol. Proc., 11, 873–902.

Runge, M. C., S. J. Converse, and J. E. Lyons, 2011: Which uncertainty? using expert
elicitation and expected value of information to design an adaptive program. Biol.
Conserv., 144, 1214–1223.

Sala, O. E., and Coauthors, 2000: Global biodiversity scenarios for the year 2100.
Science, 287, 1770–1774.

Scheffer, M., and Coauthors, 2009: Early-warning signals for critical transitions.
Nature, 461, 53–59.

Schellnhuber, H. J., 2009: Tipping elements in the Earth System. Proc. Natl. Acad. Sci.
USA, 106, 20561–20563.

Schimel, D., and Coauthors, 2000: Contribution of increasing CO2 and climate to carbon
storage by ecosystems in the United States. Science, 287, 2004–2006.

Schlyter, P., I. Stjernquist, L. Bärring, A. M. Jönsson, and C. Nilsson, 2006:
Assessment of the impacts of climate change and weather extremes on boreal
forests in Northern Europe, focusing on Norway spruce. Clim. Res., 31, 75–84.

Schoennagel, T., T. T. Veblen, and W. H. Romme, 2004: The interaction of fire, fuels,
and climate across Rocky Mountain forests. Bioscience, 54, 661–676.

Seastedt, T. R., W. D. Bowman, T. N. Caine, D. McKnight, A. Townsend, and
M. W. Williams, 2004: The landscape continuum: a model for high-elevation
ecosystems. Bioscience, 54, 111–121.

Seastedt, T. R., R. J. Hobbs, and K. N. Suding, 2008: Management of novel
ecosystems: are novel approaches required? Front. Ecol. Environ., 6, 547–553.

Sharma, N. K., A. K. Rai, S. Singh, and R. M. Brown, 2007: Airborne algae: their
present status and relevance. J. Phycol., 43, 615–627.

Shurin, J. B., J. L. Clasen, H. S. Greig,, P. Kratina, and P. L. Thompson, 2012:
Warming shifts top-down and bottom-up control of pond food web structure and
function. Philos. Trans. R. Soc. B Biol. Sci., 367, 3008–3017.

Smith, T.M., H. H. Shugart, and F. I. Woodward, Eds., 1997: Plant Functional Types: Their
Relevance to Ecosystem Properties and Global Change. International Geosphere-
Biosphere Programme Book Series. Vol. 1. Cambridge University Press, 388 pp.

Snitkin, E. S., and D. Segrè, 2011: Epistatic interaction maps relative to multiple
metabolic phenotypes. PLoS Genet., 7, e1001294.

Soil and Water Conservation Society, 2003: Conservation Implications of Climate
Change: Soil Erosion and Runoff from Cropland, 24 pp.

Soranno, P. A., and Coauthors, 1999: Spatial variation among lakes within landscapes:
ecological organization along lake chains. Ecosystems, 2, 395–410.

Steltzer, H., and E. Post, 2009: Ecology. seasons and life cycles. Science, 324,
886–887.

Steltzer, H., C. Landry, T. H. Painter, J. Anderson, and E. Ayres, 2009: Biological
consequences of earlier snowmelt from desert dust deposition in alpine land-
scapes. Proc. Natl. Acad. Sci. USA, 106, 11629–11634.

Stenseth, N. C., 2007: Canadian hare-lynx dynamics and climate variation: need for
further interdisciplinary work on the interface between ecology and climate. Clim.
Res., 34, 91–92.

Stenseth, N. C., and A. Mysterud, 2005: Weather packages: finding the right scale and
composition of climate in ecology. J. Anim. Ecol., 74, 1195–1198.

Stewart, I. T., D. R. Cayan, and M. D. Dettinger, 2005: Changes toward earlier
streamflow timing across Western North America. J. Clim., 18, 1136–1155.

Stireman, J. O., and Coauthors, 2005: Climatic unpredictability and parasitism of
caterpillars: implications of global warming. Proc. Natl. Acad. Sci. USA, 102,
17384–17387.

Strayer, D. L., and D. Dudgeon, 2010: Freshwater biodiversity conservation: recent
progress and future challenges. J. North Am. Benthol. Soc., 29, 344–358.

Turner, B. L., 2nd, and Coauthors, 2003: A framework for vulnerability analysis in
sustainability science. Proc. Natl. Acad. Sci. USA., 100, 8074–8079.

Urban, M. C., J. J. Tewksbury, and K. S. Sheldon, 2012: On a collision course:
competition and dispersal differences create no-analogue communities and
cause extinctions during climate change. Proc. R. Soc. B: Biol. Sci., 279,
2072–2080.

van Cleve, K., F. S. Chapin III, C. T. Dyrness, and L. A. Viereck, 1991: Element cycling
in taiga forests: state-factor control. Bioscience, 41, 78–88.

van Wilgen, B. W., R. M. Cowling, and C. J. Burgers, 1996: Valuation of ecosystem
services. Bioscience, 46, 184–189.

Vieira, M. V., N. Olifiers, A. C. Delciellos, V. Z. Antunes, L. R. Bernardo, C. E. V. Grelle,
and R. Cerqueira, 2009: Land use vs. fragment size and isolation as determinants
of small mammal composition and richness in Atlantic Forest remnants. Biol.
Conserv., 142, 1191–1200.

Vitousek, P. M., J. D. Aber, R. W. Howarth, G. E. Likens, P. A. Matson,
D. W. Schindler, W. H. Schlesinger, and D. G. Tilman, 1997: Human alteration
of the global nitrogen cycle: sources and consequences. Ecol. Appl., 7,
737–750.

Wall, D. H., 2007: Global change tipping points: above- and below-ground biotic
interactions in a low diversity ecosystem. Phil. Trans. R. Soc. B Biol. Sci., 362,
2291–2306.

Walling, D. E., 2009: The Impact of Global Change on Erosion and Sediment Transport
by Rivers: Current Progress and Future Challenges. World Water Assessment
Programme.

Walther, G. R., 2010: Community and ecosystem responses to recent climate change.
Phil. Trans. R. Soc. B: Biol. Sci., 365, 2019–2024.

Walther, G.-R., and Coauthors, 2002: Ecological responses to recent climate change.
Nature, 416, 389–395.

Wardle, D. A., R. D. Bardgett, J. N. Klironomos, H. Setälä, W. H. van der Putten, and
D. H. Wall, 2004: Ecological linkages between aboveground and belowground
biota. Science, 304, 1629–1633.

Washington, R., and Coauthors, 2009: Dust as a tipping element: the Bodele
Depression, Chad. Proc. Natl. Acad. Sci. USA, 106, 20564–20571.

Whittaker, R. H., 1960: Vegetation of the Siskiyou Mountains, Oregon and California.
Ecolo. Monogr., 30, 279–338.

White, J. R., R. S. Cerveny, and R. C. Balling, 2012: Seasonality in European red dust/
“blood” rain events. Bull. Am. Meteorol. Soc., 93, 471–476.

Wiens, J. A., D. Stralberg, D. Jongsomjit, C. A. Howell, and M. A. Snyder, 2009:
Niches, models, and climate change: assessing the assumptions and uncertainties.
Proc. Natl. Acad. Sci. USA, 106 (Suppl. 2), 19729–19736.

Wilby, R. L., and K. Vaughan, 2011: Hallmarks of organisations that are adapting to
climate change. Water Environ. J., 25, 271–281.

Williams, J. W., and S. T. Jackson, 2007: Novel climates, no-analog communities, and
ecological surprises. Front. Ecol. Environ., 5, 475–482.

Williams, J. W., S. T. Jackson, and J. E. Kutzbach, 2007: Projected distributions of
novel and disappearing climates by 2100 AD. Proc. Natl. Acad. Sci. USA, 104,
5738–5742.

Wilson, J. B., and A. D. Q. Agnew, 1992: Positive-feedback switches in plant
communities. Adv. Ecol. Res., 23, 263–336.

Wolkovich, E. M., and Coauthors, 2012: Warming experiments underpredict plant
phenological responses to climate change. Nature.

Woods, A., K. D. Coates, and A. Hamann, 2005: Is an unprecedented Dothistroma
needle blight epidemic related to climate change? Bioscience, 55, 761–769.

The Vulnerability of Biodiversity to Rapid Climate Change 201

Climate Vulnerability, First Edition, 2013, 185–201

Author's personal copy




